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ABSTRACT 


The  work  reported  here  presents  the  principles  of  operation  of  a 
non-display-oriented  triple  interferometer  RDF  system.  Particular 
attention  was  paid  to  the  ambiguity  resolving  portion  of  the  system. 

It  was  found  that  phase  ambiguity  resolution  (ambiguity  resolution  using 
the  differential  phase  information  from  a  smaller  aperture  interferome¬ 
ter  system)  has  distinct  advantages  over  direction  ambiguity  resolution 
(ambiguity  resolution  on  the  basis  of  knowledge  of  the  approximate 
direction  of  arrival) .  The  use  of  only  the  approximate  azimuthal  angle 
of  arrival  in  the  direction  ambiguity  resolving  process  appears  to  be 
insufficient.  Furthermore  it  wa9  found  that  the  use  of  averaged  values 
of  the  small  interferometer  differential  phases  appears  to  be  more 
reliable  than  the  use  of  instantaneous  values  of  these  phases.  Finally, 
a  new  method  of  processing  erroneous  (ideally  "redundant")  interferome¬ 
ter  differential  phase  data  was  presented.  It  was  found  to  be  roughly 
equivalent,  and  yet  much  faster,  than  the  old  "angle  averaging"  method. 
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I.  INTRODUCTION 


The  concept  of  the  radio  interferometer  direction  finding  system 
has  been  kncwn  for  over  20  years »  It  was  first  used  successfully  by 
radio  astronomers  to  determine  the  direction  of  arrival  of  steeply  down¬ 
coming  celestial  radio  waves  at  a  fixed  high  frequency.  However, 
problems  were  encountered  when  this  technique  was  applied  to  a  general 
high  frequency  wide-band  radio  direction  finding  system,^"  Because  it 
could  no  longer  be  assumed  that  the  radio  waves  were  steeply  downcoming, 
it  was  found  that  the  interferometer  system  cculd  not  determine  a  unique 
direction  of  arrival.  It  indicated  several  directions,  only  one  of 
which  was  the  approximate,  actual  direction  of  arrival  The  others  were 
called  "ambiguities,"  Moreover,  it  was  found  that  the  more  "accurate" 
an  interferometer  system  was  made,  the  more  ambiguities  it  would  yield 

Recently  a  fairly  dependable  method  of  eliminating  these  ambiguous 

2 

answers  (or  "resolving  the  ambiguities")  was  developed,  and  much  work 

has  been  done  in  developing  a  general  computer-radio-interferometer  RDF 
3 

system.  However,  work  still  needs  to  be  done  in  improving  the  accuracy, 
speed,  and  ambiguity  resolving  capability  of  the  system.  It  is  the  goal 
of  the  work  that  follows  to  present  a  unified  overview  of  the  state  of 
the  art  of  the  triple  radio  interferometer,  as  well  as  to  investigate 
other  possible  methods  of  ambiguity  resolution,  and  enhancement  of 
system  speed  and  accuracy. 

A  common  type  of  radio-interferometer  antenna  array  consists  of 
three  isotropic  antennas  positioned  on  the  vertices  of  an  isosceles  tri¬ 
angle  which  lies  on  the  earth's  surface  as  in  figure  1.  For  convenience 
it  will  be  assumed  that  one  of  the  equal  legs  of  the  triangle  lies  along 


3 


a  north-south  line,  and  the  antennas  are  numbered  as  in  the  figure. 
Because  the  interferometer  principle  assumes  the  case  of  locally  plane 
radio  waves ,  the  direction  of  arrival  may  be  thought  of  as  a  single 
vector  pointing  along  the  direction  of  propagation.  The  orientation 
of  this  vector  is  often  specified  by  2  angles,  the  azimuth  or  bearing, 
and  the  vertical  angle  of  incidence ,  The  azimuth,  denoted  here  by  "a," 
is  the  angle  that  the  projection  of  this  vector  upon  the  surface  of  the 
earth  makes  with  a  north  -  south  line.  Like  a  compass  bearing,  it  is 
measured  from  the  north  ir  the  clock  wise  direction,  as  in  figure  1, 
Notice  that  a  may  take  on  values  from  0  tc  360  degrees-  The  vertical 
incidence  angle,  denoted  by  "6,"  is  the  angle  that  this  direction  of 
arrival  vector  makes  with  a  line  normal  to  the  earth’s  surface.  Notice 
that  6  may  take  or.  values  from  0  to  90  degrees.  From  simple  geometri- 

4 

cal  considerations,  it  may  be  shown  that  the  phase  of  the  voltage 

tl' 

induced  in  the  l  “  antenna  measured  with  respoct  to  the  phase  of  the 

til 

voltage  induced  in  the  i  antenna  caused  by  an  incident  plane  radio 
wave  of  wavelength  X  propagating  in  the  direction  specified  by  (a,0)9  is 
given  by: 

2'D 

$2i  =  cos  a  sin  - 

$13  ■  "  ~v "  cos  (a->)  sin  6  (1-1) 

$22  *  [cos  (*-y)  -  cos  aj  sin  8 

Here  D  is  the  length  of  the  equal  sides  of  the  isosceles  triangle 
(called  the  array  baseline) ,  and  y  is  the  angle  that  the  two  equal  sides 
make  with  each  other,  (See  figure  1,)  The  above  expressions  may  be 
solved  (two  at  a  time)  for  a  and  8,  resulting  in:^ 
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(a)  a21-13  “  tan 


1  P  *13  -  *21  eos  v" 
4>  21  s  i  n  V 

_  J 


'21-13 


sin 


-1 


>21  +  *13  +  *21  *13 


2ttD 

X 


COs2  (a21-13}  +  cos2  (a21~13  "  Y)" 


-  cos  (a21_13)  cos  (a21_13  -  y) 


(b) 


(c) 


‘21-32 


=  tan 


-1 


e21-32 


sin 


-1 


a32-13  tan 


-1 


*32-13  ‘  8in 


-1 


-  $31  +  <J>32  cos  Y  +  1>31  cofe  Y 
-  $31  sin  y  “  4>32  ain  y 


'*21  +  **32  +  *21  *32 


(1-2) 


2  »  2 
cos  ^a21-32  **  ^  ^ 


I 


cos  (-21-325  !'08  (a21-32  '  y) 


^32  +  *21  ~  *21  ~09  ^ 
<t2;L  sin  v 


>32  +  *13  +  *32  *13 


cos  ^332-i3^  cos  ^32-13  "* 


2~D 

A 


< 


cos  (^21-32^  cos  (a2x-32  v) 


Note  that  the  expressions  for  a  and  9  are  all  mathematically  equivalent 
if  it  is  realized  that  +  $^3  -r  =  0,  This  is  easily  shown  if 
4^  is  written  as  -  $  where  and  are  the  phases  of  the 
voltages  induced  in  the  iC^  and  j  ^  interferometer  antennas  measured 
with  respect  to  the  induced  voltage  in  seme  arbitrary  reference  antenna. 
Then  we  see: 


"21 


*13  +  *32 


(*2_*i^  +  +  (*3“^  = 


(1-3) 
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The  above  equations  1-2  become  less  burdensome  if  the  special  case 
for  which  y  -  60  degrees  is  considered.  Now  the  isosceles  array  becomes 
symmetrical  and  the  equations  1-1  and  1-2  reduce  to: 


(a) 

*21  ~  A 

(b) 

2ttD 

*13  a~ 

(c) 

2ttD 

*32  "  A 

(d) 

a21-13  “  1 

(e) 

a21-32  *  1 

cos  a  sin  6 


cos  (a  -  240°)  sin  a 


cos  (a  -  120°)  sin  0 


-1  "  2*13  “  *21 


/3 


21 


-1  2*32  +  *21 


/3"  $ 


(1-4) 


21 


(r)  a32-13  '  tan 


-1 


*32  '  *13 


-  (,32  +  »13) 


(8)  821_13  -  sin 


-1  /hi  +  *13  +  *21*13 
2*D 

~  /  3/ 2 


(h) 


921-32  ~  sin 


-1  /hi  +  *32  +  *21*32 


2ttD 

A 


/3/2 


(i) 


632-13  =  sin 


-a  A 


32  *  *13  *  *32*13 
2*D 


/3/'2 


It  is  now  evident  how  such  an  interferometer  array  might  be  used 


to  determine  the  direction  of  arrival  of  a  plane  radio  wave  in  a 
simple  radio  direction  finding  (RDF)  system,  (See  figure  2.)  It  must 
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Figure  2.  Simple  RDF  Interferometer  System  (No  Ambiguity  Resolution) 
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be  kept  in  mind  that  the  actual  voltage  induced  in  an  interferometer 
array  antenna  is  a  superposition  of  many  voltages  induced  in  it  by  the 
myriads  of  radio  waves  (each  of  unique  wavelength)  which  are  incident 
upon  the  array-  Hence  a  multi-channel  receiver  is  tuned  to  isolate  the 
voltages  induced  in  the  array  by  the  particular  signal  of  interest. 

(The  receiver  also  performs  the  important  function  of  heterodyning  the 
signal  voltage  to  a  lower  fixed  intermediate  frequency-.  This  greatly 
facilitates  phase  measurements.)  It  is  important  that  the  antenna 
transmission  lines  and  receiver  channels  be  of  the  same  effective 
electrical  "length,"  This  way  the  same  phase  relationships  that 
existed  between  the  voltages  induced  in  the  Interferometer  array  by  the 
radio  wave  still  exist  at  the  outputs  of  the  receiver.  These  phase 
relationships  are  measured  using  electronic  phase  meters.  From  these 
phase  meter  readings,  one  can  use  equations  1-2  (or  1-4)  to  determine 
the  direction  of  arrival  of  the  signal. 

The  above  process  is  foolproof  providing  the  baseline  of  the 
interferometer  array  is  not  longer  than  one-half  the  wavelength  of  the 
radio  wa”e.  For  shorter  wavelengths  the  ubiquitous  problem  of  phase 
measurement  ambiguity  arises.  It  is  easy  to  see  that  one  can  measure 
the  phase  relationship  (the  "lag"  or  "lead"  of  one  periodic  voltage 
waveform  with  respect  to  another)  between  two  sinusoidal  voltages  of  a 
given  frequency  only  to  within  an  additive  integral  multiple  of  360 
degrees.  That  is,  if  there  were  no  a  priori  restrictions  on  a  phase 
measurement,  who  is  to  say  that  a  measurement  of  30  degrees  does  not 
actually  represent  a  measurement  of  390°,  750°,  or  -330°,  etc?  For 
this  reason  phase  meters  may  be  calibrated  to  read  any  electrical  phase 

dCtlldl  SCtllfli 

difference,  4^  ,  with  (-  ®  •  4^  *•  *) ,  such  that  the  phase 


mater  reading,  ^ 


is  given  by: 


8 


meas 

> 


k(degrees)  <  ^jffiea8  <  k(degrees)  +  360°.  (1-5) 

The  selection  of  k  is  often  referred  to  as  the  selection  of  the  "branch 
cut. "6’ ^  Electrical  phase  meters  are  commonly  calibrated  such  that 
k  -  0;  however,  for  purposes  of  interferometry,  it  becomes  much  more 
convenient  (as  will  be  seen  later)  to  select  k  •*  -  180°,  such  that  (1-5) 
becomes : 

-  180°  .<  $i_jmeas  <_  180°.  (I-5a) 

It  must  be  kept  in  mind  that: 

*ljaCt“1  £  -  I,  ““  *  N (360°) };  (1-6) 

for  N  »  N  .  ,  -1,  0,  1,  ,...N  ,  where  all  elements  of  the  above 

min’  *  *  ’  *  max* 

set,  (N)AhBj ,  are  calle(j  pha8e  ambiguities.  If  there  are  no 

&ctusl 

a  priori  restrictions  on  the  range  of  ^  ,  then  N^^  -  -  =°  and 

N  «*  +  “>.  There  are  an  infinite  number  of  elements  In  {<t.  .  . 

max  TIj 

But  for  the  case  of  an  interferometer  system,  we  do.  have  a  restriction 

fictusl 

on  the  range  of  values  that  ^  can  take  on.  From  equations  1-1, 

it  is  evident  that: 


-360°D  .  ,  actual  360°D 
~  '  ~  • 


For  a  given  D  and  X ;  N  and  N  ,  are  fixed  such  that : 

max  min 


(1-7) 


Nmin  “  "  INTEGER  ( !D/X) 


N 


max 


INTEGER  (D/X). 


(1-8) 
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I 


(Where  the  INTEGER  function  simply  rounds  off  its  argument  to  the  near¬ 


est  integer.)  The  above  holds  only  if  we  assume  the  phase  meter  reads 


in  the  range  specified  by  equation  I-5a<  It  should  be  noted  that  xtfhen 


D  <  —A  ,  equation  1-8  implies  that: 


N  -  N  =0. 
min  max 


and  there  is  only  one  element  in  ^his  means  that 


<fs  (N)AMB  <p  meas  _  <j>  actual 

ij  ij  =  ij 


The  phase  measurement  becomes  non-ambiguous ,  and  hence  there  is  no 


ambiguity  problem  to  contend  with  (as  mentioned  previously).  When 


1  (N)AMB 

D  >  yA ,  there  is  more  than  one  element  in  { <f>  } .  Because  there  is 


no  way  of  telling  which  value  of  N  satisfies: 


(N)AMB  actual 


(1-9) 


we  may  compute  all  possible  directions  of  arrival  using  various  combi- 
„  c  „  l  -I  „  l  a,  (N)AMB,  _ _  j  ^  -t  _ 


nations  of  elements  in  {<f>. 


}.  Thus  the  ambiguities  in  phase 


measurements  have  been  "carried  through"  the  direction  of  arrival  cal¬ 


culation  to  yield  ambiguities  in  direction  of  arrival  as  well.  In 


essence,  this  simple  interferometer  system  will  generally  give  a  number 


of  answers  to  the  direction  finding  problem  —  only  one  of  which  is 


correct.  Note  that  equations  1-6  and  1-8  indicate  that  the  larger  D 


(N'lAMB 

becomes,  the  more  elements  (phase  ambiguities)  exist  in  1$^  ’  }. 


Here  the  greater  number  of  ambiguous  directions  will  be  indicated  by 


the  system. 


One  solution  to  the  problem  is  obvious.  All  that  need  be  done  is 


to  keep  the  array  baseline  shorter  than  one-half  of  the  wavelength  of 


the  desired  signal.  Under  these  conditions  there  are  no  ambiguities,  as 
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shown  previously.  However,  it  will  be  shown  in  Chapter  VI  that  under 
real  conditions  interferometer  accuracy  varies  with  D/X „  Hence  it  is 
desirable  to  use  as  large  a  baseline  as  .possible,  certainly  greater  than 

-  X o  Thus  one  must  contend  with  the  problem  of  deciding  which  of  the 
ambiguous  directions  of  arrival  indicated  by  the  interferometer  is  the 


actual  one, 
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II.  PHASE  AMBIGUITY  RESOLUTION 


There  are  at  least  two  different  strategies  that  one  may  use  in 

attacking  the  ambiguity  resolution  problem.  On  the  basis  of  some 

approximate  outside  phase  information,  one  may  choose  from  all  possible 

values  of  an  ambiguous  phase  measurement,  { CN) AMB j ^  tj,e  measurement 

Ectudl 

most  likely  to  be  the  actual  one,  .  Then  the  true  direction 

of  arrival  may  be  unambiguously  calculated.  Alternatively,  one  may 
calculate  all  of  the  possible  ambiguous  directions  of  arrival  from  all 
of  the  possible  phase  ambiguities,  then  the  most  likely  true  direction 
of  arrival  may  be  chosen  on  the  basis  of  some  outside  approximate 
directional  information.  The  former  stratagem  (called  phase  ambiguity 
resolution)  keeps  the  weeds  ({ <j>..  A  )  arouncj  the  flower  ($>^aCtUa'*') 


from  germinating;  the  latter  (called  direction  ambiguity  resolution) 
lets  the  weeds  grow,  then  pulls  them.  Note  that  the  former  method 
requires  only  one  direction-of-arrival  calculation.  As  the  latter 
method  requires  many  direction-of-arrival  calculations  (equation  1-2) , 
it  is  inherently  more  time  consuming.  Thus  the  former  method  has  become 
more  popular  and  will  be  discussed  first. 

Notice  that  afte  the  approximate  interferometer  phases  ( aPProx) 
are  known,  it  is  a  simple  matter  to  choose  <j>^j  from  1  J. 

Because  the  values  of  4^  (MAMB  are  gpace(j  350°  apart,  4,^aPProx  nee(j 

only  be  accurate  to  within  +  180° ,  Obviously,  if  $^apProx  is  off  by 

,  .  „„o  ,  ,  .  -  ,  actual  ,  /,  (N)AMB,  , 

more  than  180  ,  the  wrong  choice  of  <j>^  from  l<j>^  i  may  be 

made,  and  the  method  breaks  down. 

^ijaPPr°X  may  be  determ:lned  froin  a  separate  small  baseline  inter¬ 
ferometer  array.  As  mentioned  previously,  if  the  small  array  baseline 


is  less  than  >./2,  it  will  yield  a  unique,  but  only  approximate,  direc¬ 
tion  of  arrivals  Furthermore,  the  small  and  large  arrays  have  been 
constructed  such  that  they  form  triangles  which  arc  similar,  with  their 
corresponding  sides  parallel,  as  in  figure  3.  Assuming  an  incident 
plane  wave,  it  can  be  seen  that:"*" 


L  ^  small  actual 

rs  ♦«  = 


(II-l) 


where  and  Dg  are  the  large  and  small  array  baselines,  respectively 

In  practice  equation  II-l  is  only  an  approximation:  Hence  we  let 

approx  _  L  small  This  is  consistent  with  the  previous  state- 
ij  Ds  13  K 

ment  that  the  large  array  will  be  more  accurate  than  the  small  one. 
There  are  two  reasons  for  this.  One  is  that  the  incident  wave  may  not 
be  perfectly  plane  (this  will  be  discussed  in  Chapter  VI);  the  other  Is 
the  inaccuracy  in  the  phase  measurement  process-.  Assume  that  a  "real 
world"  phase  meter  can  measure  to  only  within  +  e  degrees.  Then,  even 
for  a  perfectly  plane  incident  wave,  the  two  sides  of  equation  II-l  may 
differ  by  as  much  as  e  (^—  +  1)  degrees.  Nevertheless,  equation  II-l 

s 

is  often  a  fair  approximation.  As  long  as  the  effects  of  non-planar 

incident  waves  and  phase  measurement  Inaccuracies  do  not  cause  the 

right- and  left-hand  sides  of  equation  11-1  to  differ  by  more  than  180°, 

sctu&l 

the  proper  value  cf  9^  will  be  determined,. 

The  ambiguity  resolution  scheme  as  outlined  above  may  be  put  into 
use  in  the  simple  RDF  system  of  figure  2,  For  economy,  the  small  and 
large  baseline  arrays  share  a  common  antenna,  (See  figure  4~)  Note 
that  the  steps  the  operator  must  take  to  calculate  the  direction  of 
arrival  (DOA)  may  easily  be  performed  by  a  properly  interfaced  general- 
purpose  on-line  digital  minicomputer.  This  greatly  enhances  system 


Operator  (or  Computer) 
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data  processing  speed  and  flexibility.  The  implementation  of  such  a 

system  is  currently  underway  at  the  University  of  Illinois’  Monticello 

2 

Road  Field  Station. 
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III.  DIRECTION  AMBIGUITY  RESOLUTION 

With  the  advent  of  a  computer-interferometer  RDF  system,  it  is 
helpful  to  reconsider  the  use  of  the  second  ambiguity  resolving  strata¬ 
gem:  the  elimination  of  all  but  one  of  the  ambiguous  DOA's  on  the 
basis  of  some  outside  directional  information.  Its  drawback  was  that 
many  DOA  calculations  had  to  be  made  before  a  unique  DOA  could  be 
chosen.  This  is  not  such  a  serious  problem  if  the  high-speed  computa¬ 
tional  capability  of  an  on-line  computer  is  available. 

One  advantage  of  such  an  approach  is  immediately  evident.  Often 
outside  direction  information  may  more  easily  be  obtained  than  outside 
phase  information.  For  example,  the  approximate  location  of  the  source 
of  the  signal,  and  hence  its  approximate  direction  of  arrival  may  be 
known.  In  radio-astronomy  or  satellite  tracking,  both  the  azimuth  and 
angle  of  incidence  are  known  to  lie  in  a  certain  range.  In  land  com¬ 
munication,  usually  more  information  about  propagation  conditions  must 
be  obtained  before  an  accurate  prediction  of  incidence  angle  range  can 
be  made.  However,  the  approximate  source  location  information  should 
restrict  the  azimuth  range. 

Other  sources  of  outside  directional  information  include  similar 
interferometer  RDF  systems  and  small  aperture  azimuth-fir.ding  systems 
such  as  the  Adcock,  crossed-loop,  or  Yagi  arrays.  By  now,  it  is  clear 
that,  depending  on  the  source  of  information,  this  directional  informa¬ 
tion  may  be  of  two  types.  It  may  consist  of  an  approximate  range  of 
azimuthal  angles  (azimuthal  sector  of  arrival)  and  an  approximate  range 
of  vertical  incidence  angles,  or  it  may  corsist  solely  of  an  azimuthal 
sector  of  arrival.  Several  questions  arise.  How  accurate  must  this 
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approximate  directional  information  be  if  all  ambiguous  directions  are 
to  be  eliminated?  Also,  is  a  knowledge  of  the  azimuthal  sector  of 
arrival  alone  sufficient  to  resolve  all  ambiguities?  And  finally,  what 
is  the  relationship  between  the  array  baseline  and  the  highest  frequency 
at  which  all  ambiguities  can  be  resolved  using  the  approximate  direc¬ 
tional  information?  To  answer  these  questions,  one  must  look  further 
into  the  nature  of  interferometer  direction  ambiguities. 
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IV.  INTERFEROMETER  DIRECTION  AMBIGUITIES 


meas 


neas 


Given  the  three  phase  meter  readings,  ,  <j>^2  ,  4> 


meas 


32 

the  wavelength  of  the  signal,  X,  and  information  regarding  the  array 
geometry  (D  and  y),  all  possible  ambiguous  DOA's  may  be  calculated  using 
equations  1-2,  1-6,  and  1-8.  The  case  of  the  symmetrical  array  (y  =  60°) 
is  of  particular  interest,  because  this  is  the  array  currently  in  opera¬ 
tion  at  the  University  of  Illinois'  Monticello  Road  Field  Station.  For 
this  reason,  it  has  been  assumed  that  y  =  60°.  Equations  1-4  may  be 
used  in  place  of  the  more  laborious  equations  1-2.  Assuming  errorless 

phase  meters,  it  has  been  shown  that  equations  I-4d,e,f  and  I-4g,h,i  are 

sctusl  cictusl 

equivalent.  Note  that  under  these  conditions  -  ~  ^21 

actual 

+22  )•  This  implies  that  after  two  phases  are  known,  the  remaining 

phase  is  necessarily  determined.  Using  this  fact,  equations  I-4d,e,f 
and  I-4g,h,i  are  identical  expressions.  Hence,  in  the  work  that  follows, 
only  equations  I-4e  and  h  will  be  use*d: 


a(4>21»  <f>32)  =  tan 


-1  2lp32  +  ^21 


/J  <p 
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(IV-1) 


8 (<?>2]»  ^32)  =  sin 


-1  /21  +  ^32  +  ^*21^32 


2ttD 


/31 2 


Upon  examining  equations  1-5  and  1-8,  it  may  appear  that  all  one 

need  do  is  "plug"  all  possible  combinations  of  the  elements  of 

{ (N)AMB)  an(j  {(j)  (N)AMBj  ^ntQ  equations  I-4e  and  h.  (1  +  N  -  N  )' 
21  32  max  min 

ambiguous  DOA's  would  be  computed.  But  some  of  these  ambiguous  values 

(N  )AMB  (N  )AMB 

could  never  occur,  such  as  »  ‘*’32  )»  as  illustrated 

geometrically  by  figure  5. 


» 


a)  Case  for  Maximum  Riding  )  * 


i  t  In  I 

I  ** 


Incident  Wavefront 


b)  Case  for  Maximum  ^>32  Reading  (=^32** • 


Incident  Wavefront 


c)  Case  for  the  Largest  Possible  Simultaneous  Values  of  |^>||  and 
|fe2|  (=^/2^,<Nma:,)AMB,  75/2  ^NnorfAMB), 


\  v 
\  V 


\  "s  3\“ 
1  '*\ 


Incident  Wavefront 


Figure  5.  Illustration  of  Why  the  Individual  Interferometer  Phase 

Differences  Can  Never  be  Simultaneously  at  their  Maximum  Values. 
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The  reason  why  some  combinations  of  phase  ambiguities  $21^^^  and 

(J)AMB  ^or  21  integral  values  of  I  and  J  between  N  .  and  N  )  are 
32  0  min  max 

not  valid  interferometer  phases  becomes  apparent  when  the  expression  for 
6  <j>32^^lS)  is  examined.  For  certain  values  of  I  and  J 

(say,  I  =  Iq,  J  ■  Jq)  it  is  possible  that  the  argument  of  sin  ^  becomes 
>  1.  Equation  IV-1  implies  that  this  will  occur  when: 


2  2 

,2  2  3ir  D 

*21  +  *32  +  *21*32  * 


2  * 


(IV-2) 


In  this  case,  a  real  value  of  0  does  not  exist.  Then  there  exists  no 

actual 


real  direction  from  which  a  wave  can  arrive  that  will  cause  4, 


(I  )AMB  „  .  (J  )AMB 

o  ,  ,  actual  .  o 

=  4>21  and  <J>32  =  <P32 
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Because  the  interferometer 


antenna  voltages  must,  in  fact,  be  caused  by  a  wave  arriving  from  a  real 

SCtlUfll  3  r  t*  1 1 3 1 

direction,  then  it  is  obvious  the  $21  and  4>32  could  never 

(I  JAMB  (J  ) AMB 

equal  <j>21  0  and  <P32  °  >  respectively.  Only  the  combination  of 

phase  ambiguities  which  do  not  satisfy  equation  IV-2  may  be  used  to  cal¬ 
culate  all  possible  direction  ambiguities.  There  will  not  be 

2  2 
(1  +  N  -  N  )  direction  ambiguities,  but  only  (1  +  N  -  N  ,  ) 
max  min  0  max  mil1 

-  Nreject  ambiguities,  where  Nreject  is  the  number  of  phase  ambiguity 
combina" :.ons  rejected  because  they  satisfied  equation  IV-2,  thus  yield¬ 
ing  imaginary  incidence  angles . 

A  computer  program  was  written  that  would  calculate  all  possible 
direction  ambiguities  for  a  given  true  direction  of  arrival  and  a  given 
value  of  D/.\ .  The  flow  diagram  appears  in  figure  6.  Sample  runs  appear 
in  Appendix  A.  As  expected,  it  appears  that  the  number  of  ambiguities 
depends  on  the  D/A  ratio.  (See  Tables  A-l  through  A-4.)  However,  the 
number  of  ambiguities  also  depends  on  the  true  direction  of  arrival,  as 


Figure  6.  Flow  Diagram  of  an  Ambiguity  Locating  Program 
for  a  Symmetric  Array 
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illustrated  by  Tables  A-5  through  A-8.  These  values  were  calculated 
with  a  fixed  D/A  value,  but  with  different  true  DOA’s.  The  number  of 
ambiguities  varies  slightly.  Obviously  Nreject  must  depend  on  the  true 
DOA  as  well  as  the  D/A  value. 

For  purposes  of  studying  the  feasibility  of  direction  ambiguity 
resolution,  it  is  useful  to  present  this  ambiguity  location  information 
graphically.  Assume  that  the  interferometer  array  has  a  large  hemi¬ 
spherical  "bowl"  placed  over  it  such  that  the  center  (reference  origin) 
of  the  array  and  the  center  of  the  circle  formed  by  the  lip  of  thu  bowl 
coincide.  (See  figure  7.)  The  direction  of  arrival  of  a  wave  is  then 
represented  by  the  point  on  the  hemispherical  bowl  where  an  incident 
plane  wave  first  touches  it.  Alternatively,  this  point  may  be  thought 
of  as  the  intersection  of  the  bowl  and  the  ray  of  the  incident  plane 
wave  that  passes  through  the  array  center.  Because  there  is  a  unique 
point  on  this  hemisphere  corresponding  to  any  direction  of  arrival,  a 
direction  of  arrival  may  be  represented  by  a  point  on  this  hemisphere. 
All  ambiguous  directions  of  arrival  may  be  plotted  on  one  hemisphere  in 
this  manner.  A  man  could  stand  at  the  center  of  such  a  hemisphere  and 
point  his  finger  at  each  plotted  point  on  the  hemisphere.  He  would  then 
be  pointing  in  all  of  the  possible  directions  of  arrival,  or  DOA's, 
indicated  by  the  interferometer  system.  Since  such  a  three-dimensional 
plot  would  be  difficult  to  make,  all  points  on  the  hemisphere  are  pro¬ 
jected  into  the  ho.  .aontal  plane  of  the  array.  Still  there  exists  a 
one-to-one  correspondence  between  any  direction  of  arrival  and  a  corre¬ 
sponding  point  on  this  hemispherical  projection,  but  now  the  plot  is  two 


dimensional  and  is  easily  drawn. 


b)  Top  View  of  Hemispherical  Plot  {Hemispherical  Projection) 


Figure  7.  Hemispherical  DOA  Plot  Geometry 
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These  hemispherical  projection  plots  may  be  thought  of  as  what  would  be 
seen  if  one  were  to  look  down  on  the  large  hemispherical  bowl  from  an 
airplane. 

Such  hemispherical  projection  plots  for  the  ambiguity  calculations 
of  Appendix  A  are  shewn  in  Appendix  B.  Note  the  perimeter  of  the  hemi¬ 
sphere  projection  is  linearly  calibrated  in  azimuthal  degrees,  as  on  a 
compass.  The  azimuth  of  any  ambiguity  may  be  determined  by  drawing  a 
line  out  from  the  center  of  the  projection  (zenith)  and  through  the 
ambiguity  pointc  The  incidence  angle  is  sinusoidally  calibrated  as  tick 
marks  on  the  Cartesian  north-south  or  east-west  axes  of  the  projection. 
The  origin  (zenith)  represents  0°  incidence,  the  next  mark  out  from  the 
origin  represents  10°,  etc.  The  distance  that  an  ambiguity  lies  out 
from  the  zenith,  measured  according  to  this  sinusoidal  scale,  determined 
its  incidence  angle. 

In  all  ambiguity  plots  (for  the  symmetric  interferometer  array) 
there  exists  a  high  degree  of  symmetry.  One  ambiguity,  called  the 
prime  ambiguity,  is  closest  to  the  zenith.  It  represents  the  direction 

of  arrival  calculated  from  cx C4>2i  >  ^32  )  and  ®($21  »  ^32 

This  makes  sense  geometrically,  since  if  the  wave  is  arriving  from  the 
direction  indicated  by  the  prime  ambiguity,  it  must  be  the  most 
"steeply  downcoming"  of  all  the  possibilities.  The  more  steeply  down¬ 
coming  the  wave,  the  smaller  will  be  the  magnitudes  of  the  phase  dif¬ 
ferences  of  the  voltage  induced  in  the  interferometer  elements,  as 
dictated  by  the  sin  6  factor  in  equations  1-1.  Hence  the  most  steeply 
downcoming  wave,  as  indicated  by  the  prime  ambiguity,  must  have  been 
calculated  fro®  the.<combin*fcion  of  phase  ambiguities  of  the  smallest 
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,  ,  .  .  .  ,,  meas  ,  meas-. 

magnitude,  which  i9,  of  course,  (tf^  ,  4>^2  )• 

Centered  on  this  prime  ambiguity  lie  concentric  hexag^al  patterns 
of  ambiguities.  These  hexagons  have  their'sides  parallel*-  and  thei. outer 
hexagons  may  not  be  fully  formed  if  the  prime  ambiguity  is  not  very 
close  to  the  zenith.  (See  Appendix  B.)  It  should  further  be  noted 
that  the  ambiguities  lie  in  straight  lines  extending  to  the  east  and 
west,  and  that  adjacent  ambiguities  are  equidistant  from  each  other. 

The  symmetry  of  these  plots  suggests  that  there  exists  a.. simple 
expression  for  the  Cartesian  coordinates  (x,y)  of  the  ambiguous  direc¬ 
tions  of  arrival  as  plotted  on  the  hemispherical  projection  plot.  A 
Cartesian  coordinate  system  is  constructed  on  the  hemispherical  projec¬ 
tion  such  that  the  x  a^s  bisects  the  projection  and  extends  in  an  east- 
west  direction.  Likewise,  the  y  axis  bisects  the  projection,  but 
extends  in  a  north-south  direction.  A  unit  hemisphere  is  assumed  in 
the  following  derivation,  hence  the  Cartesian  axe3  are  scaled  on  the 
basis  of  a  unit  circle  hemispherical  projection.  The  Cartesian  coor¬ 
dinates  (x,y)  for  any  point  on  the  projection  given  by  (ct,0)  must  be: 


x  =  sin  a  sin  0  y  =  cos  a  sin  0. 

Substituting  equation  I-4b  into  equation  IV-3,  yields: 


(IV-3) 


x  = 


—1  ^32  "^*  ^21 

sin  [  an  ( - — - ■)]  sin  [sin 


-i  All + 


2  ^32  +  2<^21^32- 


/3  <f> 


2ttD 


21 


/ffl 


(IV-4) 


2*32  +  *21 

cos  [tan  ( — — - ■)]  sin  [sin 


-1  +  2  ^3  2  + 


21y32 


2ttD 
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m 
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After  some  manipulation,  equations  IV-4  become: 


x  = 


+  *21 

¥  « 


<P 


y 


21 


,2ttDs 

1  X  ' 


(IV-5) 


Equations  IV-5  should  enable  one  to  sketch  an  ambiguity  plot  with 
little  effort.  Using  these  equations,  the  above  symmetry  observations 
may  be  substantiated.  Notice  that  y  depends  only  on  <)>2^.  For  combina¬ 
tions  of  phase  ambiguities  with  ^21  fixed,  y  is  a  constant  and  x 

varies.  The  direction  ambiguities  lie  on  a  straight  line  parallel  to 
the  x  axis.  The  spacing  between  the  ambiguities  that  lie  in  the 
straight  lines  must  be  given  by: 


Horiz  spacing  =■  x  (<J>21»  4>-.2  +  2tt)  -  x  (4>21*  $32)  30  “Z  •  (IV-6) 

/3 

Because  <|>21  and  are  arbitrary  values  of  the  phase  ambiguities,  the 


^32 


spacing  between  adjacent  ambiguity  points  in  the  horizontal  lines  is 

2  X 

uniform  and  equal  to  —  •  — .  Likewise,  the  vertical  spacing  between 

S 

horizontal  rows  is  given  by: 


Vert  spacing  =  y  ($21  1-  2n)  y  (<f>21)  =  (IV-7) 

Hence  the  row  spacing  is  also  uniform,  since  <j>2  is  any  value  in 
{$  (N)AMB}^  Furthermore,  it  may  be  shown  that  the  abscissae  of  the 

M  X 

ambiguity  points  in  one  horizontal  row  must  fall  halfway  between  the 
abscissae  of  the  points  in  adjacent  rows.  This  may  be  shown  by  real¬ 
izing  tnat  the  difference  in  abscissae  of  2  adjacent  ambiguity  points 
in  adjacent  horizontal  rows  is  given  by: 
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x(4>21  +  2 it ,  <P32)  -  x  (<P21,  <j>32 )  (IV-8) 

v3 

But  this  abscissa  difference  is  exactly  one  half  that  of  the  horizontal 
ambiguity  spacing.  Now  the  ambiguity  locations  are  completely  specified. 
To  sketch  such  a  plot,  the  only  point  that  need  actually  be  computed  is 

the  location  of  the  prime  ambiguity.  This  is  found  by  substituting 
.  _  ,  meas  maas 

^12  ~  ^12  and  <l>32  =  ^32  into  ^nation  IV-5.  The  horizontal  row 
and  vertical  distance  spacings  may  be  determined  from  equations  IV-6 

and  IV-7.  Adjacent  rows  must  be  positioned  such  that  their  ambiguity 
points  precisely  "interlace."  The  points  that  fall  outside  the  circle 
must  be  rejected,  as  they  correspond  to  values  of  <{>  ^^MB) 

which  give  rise  to  imaginary  incidence  angles  (sin  6  >  1) . 

The  preceding  discussion  applies  equally  well  to  the  general  isos¬ 
celes  interferometer  array.  From  equations  I-2b,  it  is  apparent  that 
the  incidence  angle  becomes  imaginary  when  the  argument  of  the  arcsine 
function  becomes  greater  than  one.  This  will  occur  when: 

021  +  *13  +  ^32  2ttD 

- 2 - 2 -  >  “•  (IV— 9) 

2  cos  (a)  +  2  cos  (a-y)  -  2  cos  a  cos  (a-y) 

The  ambiguity  locating  program  was  rewritten  using  the  general  array 

equations  and  the  new  phase  ambiguity  rejection  criterion  IV-3.  Various 

general  interferometer  ambiguity  plots  appear  in  Appendix  C. 

A9  before,  a  number  of  general  statements  may  be  made  concerning 

these  plots-  The  ambiguities  tend  to  lie  along  uniformly  spaced  lines 

which  are  parallel  to  the  x  axis.  No  longer  do  adjacent  points  form 

equilateral  triangles,  instead  they  form  congruent  isosceles  triangles. 

Furthermore,  the  angle  formed  by  the  intersection  of  the  two  sides  of 


equal  length  of  these  Isosceles  triangels  is  equal  to  y>  the  interferom¬ 
eter  array  vertex  angle.  These  triangles  are  in  fact  similar  to  the 
triangle  formed  by  the  interferometer  antenna  elements. 


The  symmetry  of  these  plots  once  again  suggests  that  there  may 
exist  a  simple  relationship  between  the  ambiguity  locations  and  the  x-y 
coordinates  of  the  unit  hemispherical  projection.  Substituting  equation 
1-2  into  equation  IV-2  (after  some  algebra)  yields: 


X  *32  +  »21  a  -  c°s  T) 
X  "  D  '  2i?  sin  y 


y 


(IV-10) 


Equations  IV-10  may  be  used  to  authenticate  the  generality  of  the 
preceding  observations,  as  done  previously  for  the  case  of  the  symmetric 
array.  It  can  also  be  shown  that,  in  general,  equations  IV-6  and  IV-7 
become: 


Horiz  spacing  *»  (IV-11) 

Vert  spacing  *  (IV-12) 

Likewise,  it  may  also  be  shown  that  each  successive  row  (going  from 
south  to  north)  is  horizontally  displaced  by  this  amount: 

Horiz  displacement  =  ~  .  (IV-13) 

It  is  interesting  to  note  from  Appendix  C  that  the  number  of  possi¬ 
ble  ambiguities  appears  to  decrease  as  the  array  angle  y  decreases. 

This  result  can  also  be  obtained  analytically  from  equation  IV-13, 
Unfortunately,  the  effects  of  wave  interference  become  more  noticeable 
as  y  decreases  (explained  in  Chapter  7),  thus  making  >ven  a  larger 
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baseline  array  relatively  inaccurate  for  very  small  values  of  y.  In 
essence  we  have  decreased  the  aperture  of  the  array.  Obviously,  for  a 
given  array  baseline,  a  compromise  between  the  ambiguity  resolution  capa¬ 
bility  (optimum  at  v  =  0°)  and  the  system  accuracy  (optimum  at  y  =  90°) 
must  be  made  when  one  is  choosing  the  value  of  y  for  a  general  interfer¬ 
ometer  array. 


V.  LIMITATIONS  OF  A  DIRECTION  AMBIGUITY  RESOLUTION  SYSTEM 

Now  that  the  nature  of  the  interferometer  ambiguity  problem  is 
better  understood,  the  limitations  of  a  direction  ambiguity  resolving 
scheme  become  more  apparent.  A  resolution  scheme  based  on  the  fore¬ 
knowledge  of  an  azimuthal  sector  of  arrival  only  will  first  be  con¬ 
sidered.  The  success  of  such  a  scheme  can  be  predicted  by  examining 
the  ambiguity  tables  of  Appendix  B  (assuming  a  symmetric  array) .  If 
the  ambiguity  plot  is  regarded  as  a  pie,  the  known,  approximate  sector 
of  arrival  may  be  sketched  in  on  the  plot  as  a  slice  of  pie;  a  typical 
case  is  shown  in  figure  8.  It  is  obvious  that  the  true  direction  of 
arrival  will  lie  somewhere  on  this  slice  of  the  pie.  Unfortunately, 
there  are  still  several  other  answers  to  choose  from.  In  this  case, 
the  ambiguities  cannot  be  totally  resolved  on  the  basis  of  the  available 
directional  information.  Note  (from  Appendix  B)  that  this  situation 
becomes  more  and  more  likely  as  D/A  is  increased.  Moreover,  if  the 
prime  ambiguity  is  very  close  to  the  origin,  the  ambiguities  will  line 
up  radially.  Under  this  condition,  even  for  relatively  small  (D/A  <  2), 
complete  resolution  of  ambiguities  becomes  hopeless.  (See  figure  9.) 

To  get  a  better  feel  for  the  limitations  of  such  an  approximate 
azimuth  resolution  scheme,  a  fairly  comprehensive  study  was  made  of  the 
number  of  interferometer  direction  ambiguities  that  fall  within 
approximate  azimuthal  sectors  of  arrival  of  various  angular  widths. 

This  study  was  made  using  a  modified  version  of  the  ambiguity  locating 
program  of  figure  6.  A  listing  of  this  program  appears  cr.  the  beginning 
of  Appendix  D.  The  approximate  sector  was  assumed  to  be  a  range  of 
azimuths  centered  abo  it  the  specified  "true"  direction  of  arrival.  The 
number  of  ambiguities  that  fell  within  this  sector  were  then  counted. 
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Figure  9. 


ARRAY  ANGLE  =  60.00 

Radial  Lines  of  Ambiguities  Formed  When  the  Prime 
Ambiguity  Lies  Near  the  Zenith 
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These  calculations  were  made  for  various  values  of  D/X,  azimuthal 
sector  of  arrival  ’’widths,"  and  directions  of  arrival.  The  results  were 
tabulated  in  a  number  of  tables;  a  typical  one  appears  in  Appendix  D, 
Table  D-l.  Note  the  D/X  value  is  varied  from  1  to  6  in  steps  of  1/3. 

The  sector  width  (+  error,  in  degrees)  is  varied  from  0  to  20  degrees. 
Ninety-six  of  these  tables  were  made,  varying  a  from  0  to  360  degrees 
in  increments  of  22  degrees ,  and  6  was  varied  from  0  to  90  degrees  in 
increments  of  15  degrees.  From  these  tables  it  becomes  apparent  that 
successful  direction  ambiguity  resolution  is  a  function  of  D/X  as  well 
as  the  particular  direction  of  arrival.  For  some  directions  of  arrival, 
(a  =  44°,  0  =  45°)  ambiguities  may  be  resolved  using  a  20  degree  sector 
of  arrival  for  values  of  D/X  as  high  as  3.67.  (See  Appendix  D,  Table 
D-2.)  On  the  ether  hand,  for  other  directions  of  arrival,  (a  =  330°, 

6  =  75°)  ambiguities  may  be  resolved  only  for  values  of  D/X  less  than 
1.33,  assuming  a  20°  sector  of  arrival.  (See  Appendix  D,  Table  D-3.) 

An  attempt  was  made  to  reduce  the  number  of  direction  ambiguities 
thau  must  be  contended  with.  It  is  assumed  that  the  true  azimuth  lies 
within  a  known  azimuthal  sector  of  arrival.  This  restriction  on  the 
azimuth  can  be  reflected  back  through  the  D0A  equations  1-4,  thus 
yielding  a  more  stringent  phase  ambiguity  combination  rejection  criterion 
(assuming  theta  can  take  on  any  value  from  0°  to  90°) .  Unfortunately  it 
has  been  determined  that  this  criterion  simply  cuts  out  ambiguities  with 
azimuths  out  of  the  range  of  the  assumed  azimuthal  sector  of  arrival. 

This  conclusion  was  arrived  at  by  performing  a  computer  simulation  of 
the  operations  outlined  above.  To  accomplish  this  task,  the  program 
described  in  the  preceding  paragraph  was  modified  to  take  the  known, 
appropriate  sector  of  arrival  into  consideration.  In  the  simulation 
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run  presented  in  Appendix  D,  Table  D-4,  it  was  assumed  that  the  known 
sector  of  arrival  extended  from  320  to  340  degrees.  (The  true  DOA  was 
at  a  =  330°,  S  *  75°.)  This  restriction  on  the  azimuth  was  then 
reflected  back  through  the  DOA  equations.  Table  D-4  lists  all  possible 
ambiguities  for  various  values  of  D/X  for  the  given  true  DOA.  The 
starred  ambiguities  are  the  ones  that  were  rejected  due  to  consideration 
of  the  known  azimuthal  sector  of  arrival.  As  can  be  seen,  the  only 
ambiguities  rejected  are  those  whose  azimuth  lies  outside  of  the  assumed 
azimuthal  sector  of  arrival.  Nothing  has  been  gained,  as  is  further 
illustrated  by  the  striking  similarity  of  Tables  D-5  and  D-6,  which  are 
found  in  Appendix  D. 

The  results  of  this  section  indicate  that  an  approximate  azimuth 
ambiguity  resolution  system  may  not  be  practical  under  even  very  low 
ambiguity  conditions  (small  values  of  D/X).  If  the  prime  ambiguity  is 
near  the  zenith,  the  ambiguities  will  line  up  radially  making  ambiguity 
resolution  impossible,  no  matter  how  "narrow"  the  known  sector  of 
arrival  may  be.  Such  a  system  may  be  greatly  improved  if  knowledge  of 
the  approximate  incidence  angle  is  available  as  well.  The  locus  of 
possible  DOA's  on  the  hemispherical  projection  is  no  longer  a  pie,  but 
the  intersection  of  a  pie  (approximate  azimuth  range)  and  an  annulus 
centered  about  the  zenith  (approximate  incidence  range) .  (See  figure 
10.) 

From  the  geographical  standpoint,  it  is  considerably  more  diffi¬ 
cult  to  obtain  the  approximate  range  of  incidence  angles.  For  example, 
in  addition  to  knowing  the  distance  from  the  source,  it  is  necessary  to 
know  (approximately)  the  path  by  which  the  signal  is  arriving  at  the 
interferometer  site.  However,  under  low  ambiguity  conditions  (i.e., 


Figure  11.  Wave  Corrugation  as  a  Result  of  Two  Interfering 
Plane  Waves  (From  Hayden's  Thesis) 
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only  one  hexagonal  ring  centered  about  the  prime  ambiguity)  it  is 
necessary  only  to  be  able  to  accept  or  reject  the  prime  ambiguity  as 
the  true  DOA.  Ambiguity  resolution  is  then  completed  by  utilizing 
the  approximate  azimuth  information. 

If  the  interferometer  is  used  in  conjunction  with  a  device  that 
gives  both  approximate  azimuth  and  incidence  angle  information, 
directional  ambiguity  resolution  becomes  quite  practical.  If  this 
peripheral  device  is  a  small  baseline  interferometer,  we  have  exactly 
the  type  of  interferometer  RDF  system  studied  by  Creasy.'*'  The  system 
might  be  set  up  to  operate  in  the  following  manner  (as  viewed  on  a 
three-dimensional  hemisphere  plot) :  The  approximate  unambiguous  DOA, 
as  indicated  by  the  small  baseline  interferometer,  is  plotted  on  a 
hemisphere  onto  which  all  possible  ambiguities  indicated  by  the  large 
baseline  interferometer  have  already  been  plotted.  The  ambiguity 
closest  in  path  length  to  this  plotted  approximate  DOA  (along  the 
surface  of  this  hemisphere)  must  be  the  true  DOA,  However,  it  can  be 
shown  inductively  that  this  method  of  ambiguity  resolution  is  essen¬ 
tially  equivalent  to  the  phase  ambiguity  resolution  system  of  Chapter  IV. 

i 

(See  Appendix  E.)  Because  the  method  of  Chapter  IV  requires  much  less 
computation,  the  above  scheme  is  not  particularly  u.c  ful. 

It  should  be  emphasized  that  the  approximate  azimuth  angle  and 
incidence  angle  direction  ambiguity  resolution  process  must  be  carried 
out  on  the  three-dimensional  hemisphere  plot,  and  not  on  the  hemispherical 
projection  plot.  This  raises  a  point  that  should  be  kept  in  mind. 

Although  the  interferometer  direction  ambiguities  are  evenly  distributed 
when  plotted  on  the  hemispherical  projection,  the  actual  ambiguous  direc¬ 
tions  of  arrival  may  not  appear  to  be  uniformly  distributed  to  an 
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observer.  This  is  best  understood  by  recalling  the  example  of  the  last 
chapter  in  which  an  observer  was  located  at  the  center  of  a  large  hemi¬ 
sphere  onto  which  all  ambiguous  DOA's  (indicated  by  a  large  baseline 
interferometer)  have  been  plotted.  As  the  hemispherical  projection  plot 
of  the  ambiguities  is  uniform,  the  observer  will  generally  find  that 
most  of  the  ambiguities  are  clustered  directly  over  his  head.  Only  a 
very  few  will  lie  near  the  horizon.  One  must  bear  in  mind  that  the  hemi¬ 
spherical  projection  plots  have  no  direct  physical  interpretation.  To 
relate  these  plots  to  the  physical  situation,  it  is  necessary  to  mentally 
picture  the  corresponding  three-dimensional  hemisphere  plot.  One  may 
then  imagine  nimself  standing  at  the  center  of  the  hemisphere,  pointing 
at  the  various  plotted  points  on  the  hemispherical  surface. 


FOOTNOTES 


J.  Creasy,  "Digital  Techniques  for  Radio  Direction  Finding 
with  Interferometer  Arrays,"  Master's  Thesis,  University 
of  Illinois,  Urbana,  Illinois,  June  1966,  pp.  33-37. 


VI.  LIMITATIONS  OF  THE  SMALL/LARGE  BASELINE  PHASE 
AMBIGUITY  RESOLUTION  SYSTEM 


From  the  preceding  work  it  appears  that  the  conventional  small/ 
large  baseline  phase  ambiguity  resolution  system  may  be  the  most 
practical.  The  limitations  of  this  system  will  be  examined  further. 
The  discussion  of  Chapter  II  suggests  that  this  system  will  work  if: 


^L  ,  small  .  actual 

K  hi  ' 


<  180°. 


(VI-1) 


It  is  desired  to  determine  the  range  of  signal  wavelengths  over  which 
such  an  ambiguity  resolution  system  will  work  (called  the  system 
operating  wavelength  ..ange). 

Due  to  the  effects  of  wave  corrugation  (to  be  discussed  in  Chapter 
VII)  and  phase  measurement  inaccuracies  (see  Chapter  II) ,  the  large 
array  is  generally  not  operated  at  wavelengths  greater  than  twice  the 
large  array  baseline.  (This  implies  that  is  always  „ar  than 
A/2.)  This  establishes  an  upper  bound  on  the  range  c  derating  wave¬ 
lengths  of  the  interferometer  system. 

An  expression  for  the  lower  bound  on  the  range  of  operating  wave¬ 
lengths  of  the  system  will  be  derived  in  the  following  paragraphs. 

Let  it  be  assumed  that  the  maximum  error  of  the  small  baseline  inter¬ 
ferometer  system,  in  the  range  of  wavelengths  over  which  it  is 


operated,  is  "Kerr"  degrees,  such  that: 


small  small,  ideal 


< 

K 

*■** 

err 

(VI-2) 
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where  designates  the  measured  small  array  phase  angle,  and 

small ^  ideal  designates  the  small  array  phases  that  would  corre¬ 
spond  precisely  to  the  direction  of  arrival  of  the  signal  wave.  (As 


before,  the  "ij"  subscripting  signifies  that  equation  VI-1  must  hold 


for  all  of  the  three  interferometer  phase  measurements.)  K 


err 


describes  the  small  baseline  system  error.  It  has  two  components. 

One  component  is  due  to  the  effects  of  wave  corrugation.  (See  Chapter 

VII.)  This  causes  the  actual  voltage  phase  differences  which  appear 

small,  actual 


across  the  array  elements ,  <j> 


ij 


’,  to  differ  from  those  cor¬ 


responding  to  the  precise  direction  of  arrival  of  the  signal  wave, 

small,  ideal  ^  , 

*  .  The  second  component  is  due  to  phase  measurement 

error,  (See  Chapter  II.)  This  second  component  is  not  dependent  upon 

the  operating  wavelength  of  the  array.  It  depends  only  upon  the  design 

of  the  instrumer.'  ation  in  the  interferometer  system. 

For  a  given  large  array  baseline,  DT ,  and  a  given  value  of  K  , 

l  err 

the  minimum  useable  small  array  baseline  length,  Dg,  may  be  computed 
from  equation  VI-1,  It  follows  from  the  discussion  of  Chapter  II  that: 


small,  ideal  S  actual 

hi  ~  i>L  hi 


(VI-3) 


where  <t>^  denotes  the  unambiguous  large  array  phases,  as  in 

Chapter  I.  This  equation  holds  providing  that  the  large  baseline  array 
is  assumed  to  be  errorless  in  comparison  with  the  error  of  the  small 
baseline  array.  Equation  VI-2  suggests  that  at  the  operating  wave¬ 
length  at  which  the  error  is  maximum  (normally  the  longest  operating 
wavelength) ; 

ntnn  1  1  c\vn  rt  I  1  4  Ja  rt  1 

(VI-4) 


3mall  ,  small,  ideal  . 

♦ij  =  ♦ij  ’  Kerr* 


Substitution  of  equations  VI-3  and  VI-4  into  equation  VI-1  yields: 

D, 
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The  above  inequality  holds  at  the  operating  wavelength  of  maximum 
error,  hence  it  must  hold  at  all  other  operating  wavelengths  as  well. 
This  is  because  of  the  inverse  relation  between  the  system  error  and 
the  length  of  the  array  baseline. 

The  lower  bound  on  the  range  of  operating  wavelengths  is  reached 
when  the  small  baseline  array  becomes  ambiguous.  This  occurs  when  the 
operating  wavelength  becomes  less  than  twice  the  small  array  baseline, 
that  is,  when  Dg  >  A/2.  Hence,  the  range  of  operating  wavelengths, 
XQp,  is  given  by: 


2DC  <  A  <  2D.  . 
S  op  L, 


(VI-6) 


Alternatively  this  can  be  expressed  as  a  ratio  of  the  longest  useable 
operating  wavelength  (^Longest)  t0  t^e  s^ortest  useable  operating  wave- 
iength  (Xshorteat): 


Longest 


Shortest 
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is  chosen  to  ensure  satisfactory  operation  at  the  longest 
desired  operating  wavelength;  Dg  must  be  chosen  so  as  to  satisfy 
equation  VI-5.  At  the  same  time  it  is  often  desirable  to  make  Dg  as 
small  as  possible,  thus  maximizing  the  range  of  useable  wavelengths 
for  the  system.  It  is  evident  from  equation  VI-5  that  the  minimum 
useable  value  of  D_  is  (K  )(DT)/180°.  Substituting  this  value  of  D 
into  equation  VI-7  yields  sn  equation  for  the  optimum  operating  wave¬ 
length  ratio  of  a  small/large  baseline  interferometer  system: 
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^Longest  _  180° 
^Shortest  Kerr 


(VI-8) 


Two  practical  conclusions  can  be  drawn  from  the  preceding  discus¬ 
sion.  If  a  small /large  baseline  interferometer  system  satisfies  equa¬ 
tion  VI-5  almost  as  an  equality,  the  operating  wavelength  ratio  will  be 
maximized.  The  maximum  possible  operating  wavelength  ratio  is  given  by 
equation  VI-8.  Unfortunately,  the  apparent  simplicity  of  VI-5  is  mis¬ 
leading.  The  component  of  Kerr  due  to  wave  corrugation  appears  to  vary 
with  Dg  (assuming  the  operating  wavelength  is  held  constant).  This 
dependence  of  Kerr  on  the  small  array  baseline  complicates  the  design  of 
a  system  with  an  optimum  operating  wavelength  ratio.  Finally,  it  should 
be  pointed  out  that  the  system  may  conceivably  be  operated  at  wavelengths 
greater  than  ^Longegt*  There  will  be  no  ambiguities  to  resolve  in  this 
case;  however  system  accuracy  will  suffer.  On  the  other  hand,  the  system 

cannot  operate  at  wavelengths  shorter  than  X„, ___,  as  the  small  array 

1  "  bnor west 

becomes  ambiguous. 

Equation  VI-8  indicates  that  the  operating  wavelength  ratio 

increases  as  K  decreases.  To  minimize  K  ,  it  is  necessary  to  study 
err  err’ 

the  sources  of  inaccuracy  in  an  interferometer  system.  It  should  be 
noted  that  these  sources  of  inaccuracy  affect  both  the  i-'-rge  and  .-mall 
baseline  arrays  to  different  extents.  The  "corrective  measures"  sug¬ 
gested  in  the  work  that  follows  may  be  applied  to  both  systems.  Appli¬ 
cation  of  these  corrective  techniques  to  the  small  array  system  will 
result  in  a  wider  operating  wavelength  range  of  the  ambiguity  resolution 
system.  Applying  them  to  the  large  array  system  will  result  in  greater 


system  accuracy. 
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The  errors  in  an  interferometer  array  are  primarily  due  to  the 
invalidity  (in  practice)  of  two  assumptions  that  were  made  in  the  deri¬ 
vation  of  the  DOA  equations  1-2.  The  first  faulty  assumption  was  that 
the  incident  wave  has  an  essentially  uniform,  plane  phase  front  across 
the  array  aperture.  Usually  this  is  only  an  approximation,  due  primarily 
to  the  effects  of  wave  interference.  As  was  pointed  out  in  Chapter  I, 
many  plane  wave3  of  various  amplitudes  might  arrive  from  different 
directions  at  the  interferometer  array  simultaneously.  The  waves  super¬ 
impose  (add  algebraically)  to  form  very  Irregular  phase  and  amplitude 
pac warns  across  the  array  aperture.  Fortunately  the  components  of  the 
voltages  induced  in  the  array  elements  by  all  waves  not  at  (or  very 
near)  the  signal  wavelength  are  rejected  in  the  receiver.  Hence  the 
apparent  wavefront  across  the  array  aperture  is  formed  only  by  those 
waves  at  or  very  near  the  signal  wavelength.  Up  until  this  time  it  has 
been  assumed  that  there  existed  only  one  plane  wave  at  the  signal  wave¬ 
length.  More  often  than  not,  there  exists  more  than  one  such  plane  wave 
incident  upon  the  array  at  the  signal  wavelength.  These  waves  are 
usually  of  different  amplitudes  and  DOA's.  Tney  will  superimpose  to 
form  a  resultant  wave  which  is  neither  uniform  nor  plane.  Figure  11 
(taken  from  a  thesis  by  Hayden  )  shows  in  two  dimensions  the  resultant 
"corrugated"  wavefront  that  is  produced  by  two  interfering  waves. ^  As 
shown  in  the  figure,  the  incident  waves  are  arriving  from  different 
directions  such  chat  an  angle  of  45°  is  made  by  the  intersection  of 
lines  normal  to  the  plane  wavefronts.  The  figure  has  been  drawn  for 
various  values  of  relative  wave  amplitude,  h.  The  value  of  h  indicates 
the  relative  strength  of  one  interfering  wave  with  respect  to  the  other. 
It  should  be  noted  that  the  averaged  wavetvonts  (see  the  dashed  lines) 


3*0.0 


46 

UNIT  HEMISPHERE  AMBIGUITY  PLOT 

C.  LAMBOR  =  2.65  AZIMUTH  =  200.00  INCIOENCE  60.00 


NORTH 
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Figure  10.  Approximate  Azimuth  and  Incidence  Ambiguity  Resolution 
Procedure  as  Depicted  on  a  Hemispherical  Projection 
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appear  Lo  travel  in  the  direction  of  the  stronger  incident  plane  wave. 

In  the  HF  range  the  most  prevalent  cause  of  wave  interference 
(which  results  in  wave  corrugation)  is  the  phenomenon  of  multimode 
propagation.  Multimode  propagation  may  be  thought  of  as  the  transmis¬ 
sion  of  a  radio  wave  from  its  source  to  the  receiving  site  via  several 
different  paths.  A  typical  situation  which  might  occur  over  a  200  km 
distance  is  shown  in  figure  12.  Here,  part  of  the  transmitted  signal 
travels  via  a  "two-hop"  path,  whereas  the  other  travels  via  a  "one-hop" 
path.  There  are  two  separate  plane  waves  arriving  at  the  receiving  site 
from  different  elevation  angles.  The  waves  may  be  arriving  from  slightly 
different  azimuthal  angles  as  well.  This  will  occur  if  there  exists 
any  lateral  gradient  in  the  ionization  (free  electron  density)  of  the 
refracting  portion  of  the  ionosphere.  Under  these  conditions  the  iono¬ 
sphere  is  said  to  be  "tilted."  It  will  act  as  a  tilted  reflecting  sur¬ 
face  instead  of  the  more  commonly  postulated  plane  horizontal  reflector. 
Waves  that  are  refracted  twice  by  the  tilted  ionosphere  will  certainly 
be  laterally  deflected  to  a  greater  extent  than  these  that  were 
refracted  only  once.  Thus,  the  waves  may  arrive  from  slightly  different 

3 

azimuthal  directions . 

A  further  observation  concerning  multimode  propagation  may  be  made. 

Because  the  plane  waves  have  travelled  over  different  path  lengths, 

there  must  exist  a  phase  difference,  between  these  interfering  waves, 

u 

even  though  both  waves  have  originated  from  the  same  source.  Further¬ 
more,  if  the  refracting  layer  of  the  ionosphere  is  moving  either  further 
away  from  or  closer  to  the  surface  of  the  earth,  as  is  often  the  case,^ 
it  is  clear  that  the  difference  in  the  lengths  of  the  two  propagation 
paths  will  vary.  Likewise  ^  must  vary.  The  velocity  of  the  refracting 


Figure  12.  Multimode  Propagation  o^er  a  Medium-Length  Path 
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portion  of  the  ionosphere  is  somewhat  constant;  hence  4^  will  vary  in 
an  approximately  linear  fashion  with  respect  to  time. 

Another  cause  of  wave  interference  is  the  reflection  (or  reradia¬ 
tion)  of  the  signal  from  an  object  relatively  near  the  array.  This 
again  results  in  a  deformation  in  the  incident  uniform  plane  wave  due 
to  the  superposition  of  the  scattered  radiation  field  and  the  incident 
wave.  Generally  this  reradiated  field  is  quite  low  in  amplitude  com¬ 
pared  to  the  incident  wave  amplitude^ and  the  amount  of  wave  corrugation 
due  to  this  effect  may  be  quite  small  compared  to  the  wave  corrr0  tion 
due  to  multimode  propagation.  In  this  case  the  path  difference  between 
the  two  interfering  waves  is  not  time  variant  (unless  the  reradiating 
object  is  in  motion)  and  the  phase  difference  between  the  two  waves 
does  not  vary  with  time.  Errors  due  to  this  effect  are  commonly  called 
siting  errors. 

In  the  preceding  discussion  it  has  been  assumed  that  there  exist 
only  two  interfering  waves.  There  may  be  several.  The  resultant  wave- 
front  will  be  further  corrugated  by  the  conti. ibutions  from  these  addi¬ 
tional  interfering  waves.  However,  in  practice,  the  assumption  of  only 
two  interfering  waves  may  not  be  such  a  bad  approximation.  This  is 
because  it  is  likely  that  the  other  interfering  waves  are  smaller  in 
amplitude  and  thus  they  affect  the  wave  corrugation  pattern  to  a  lesser 
extent.  To  simplify  the  analysis,  this  assumption  shall  be  maintained 
throughout  the  remaining  sections  of  this  work. 

It  has  been  stated  that  wave  interference  results  in  a  corrugated 
wavefront.  It  can  be  further  asserted  that  these  corrugations  may  be 
abrupt  enough  to  make  themselves  "felt"  across  the  aperture  of  the 
interferometer  array.  If  they  are  not  abrupt  enough,  the  corrugated 
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wave  will  still  appear  as  a  "locally'  plane"  wave.  However,  it  is 
highly  probable  that  this  "plane  wave"  that  the  array  "sees"  is  not 
arriving  from  the  DOA  of  either  of  the  two  interfering  waves .  Hayden 
has  shown  that  the  distance  between  corrugation  maxima,  S,  (see  figure 
11)  is  given  by: 


S  *  2  sin  (6/2) * 


(VI-9) 


where  0  is  the  angle  made  by  the  intersection  of  the  2  interfering  wave- 
front  normals.  Because  the  interferometer  system  may  have  an  aperture 
of  several  wavelengths  or  more,  several  corrugations  of  the  resultant 
wave  may  appear  across  the  aperture  (depending  on  the  value  of  0) ,  thus 
invalidating  the  DOA  equations. 

Wave  corrugation  may  also  be  caused  by  signals  of  similar  wave¬ 
length  arriving  from  different  sources.  Such  interference  is  known  as 
"co-channel  interference"  if  the  wavelengths  of  the  two  signals  are 
coincident.  If  the  signals  are  on  adjacent  wavelengths  but  both  are 
within  the  receiver  passband,  the  situation  is  again  analogous  to  that 
of  receiving  a  corrugated  wave  formed  by  the  superposition  of  these  two 
waves.  Such  interference  is  known  as  "adjacent  channel  interference." 

It  should  be  noted  that  the  relative  phase  between  such  interfering  waves 
is  time- variant,  as  the  waves  are  rarely  of  precisely  the  same  wavelength. 

Wave  interference  may  not  be  the  only  cause  of  deformation  of  the 
incident  plane  wave.  Any  inhomogeneities  in  the  ionosphere  or  ground  at 
the  points  of  "reflection"  of  the  propagating  wave  will  cause  such 
deformations.  These  inhomogeneities  may  take  the  form  of  changes  in  the 
density  of  free  electrons  in  the  ionosphere  due  to  atmospheric  turbu¬ 
lences  ,  or  changes  in  elevation^  at  the  point  of  reflection  on  the 
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ground.  Of  course,  these  inhomogeneities  must  be  of  sufficient 
abruptness  to  be  "felt1'  by  the  interferometer  array  if  they  are  to  cause 
any  problems. 

The  second  faulty  assumption  made  in  the  derivation  of  the  DOA 
equations  was  that  the  phase  differences  of  the  signal  voltages  induced 
in  the  interferometer  elements  could  be  measured  precisely.  Electronic 
phasemeters  are  generally  only  accurate  to  within  one  half  of  a  degree. 
Further  system  instrumentation  errors  result  from  the  fact  that  the 
effective  electrical  lengths  of  the  three  transmission  paths  between 
the  interferometer  elements  and  the  phase  meters  may  not  be  exactly 
equal.  It  is  assumed  that  the  transmission  lines  between  the  array 
elements  and  receivers  have  been  made  of  equal  length.  Unequal  lengths 
of  transmission  line  would  cause  the  electrical  phase  differences 
measured  at  the  receiving  ends  of  the  transmission  lines  to  differ  from 
those  that  would  be  measured  at  the  array  elements.  A  more  serious 
probL  _es  in  the  multichannel,  receiver.  The  receiver  channels  must 
exhibit  identical  phase  delay  characteristics.  This  ensures  that  each 
channel  will  be  of  the  same  effective  electrical  length.  Unfortunately, 
identical  phase  characteristics  are  hard  to  maintain  in  a  practical 
multichannel  receiver.  Each  channel's  phase  delay  characteristics  tend 
to  drift  as  component  values  change  due  to  thermal  effects  and  component 
ageing.  If  the  receiver  channels  drift  independently,  the  receiver 
channels  will  no  longer  be  of  identical  effective  electrical  lengths. 

The  phase  measurements  made  at  the  receiver  IF  frequency  are  no  longer 
accurate  indications  of  the  interferometer  phase  differences. 

Another  type  of  phase  measurement  error  (which  is,  in  reality,  due 
to  transient  wave  interference)  results  if  there  are  transient  noise 


spikes  present  on  the  received  signal.  If  the  phase  measurement  is  made 
at  the  instant  that  the  noise  transient  is  occurring,  the  noise  signal 
will  interfere  with  the  signal  wave,  causing  a  rocxnentary  wavefront  cor¬ 
rugation  across  the  array  aperture.  The  phase  measurements  will  not 
correspond  to  the  DOA  of  the  signal.  Such  transient  noise  spikes,  due 
both  to  natural  phenomena  such  as  thunderstorms  and  man-made  sources 
such  as  automobile  ignition  systems,  are  not  uncommon  comparions  of  a 
radio  signal.  Because  these  noise  transients  occur  at  random  time 
intervals,  it  seems  th..t  it  would  be  desirable  to  make  the  phase 
measurements  as  rapidly  as  possible,  thus  decreasing  the  chance  of 
phase  measurement  error  due  to  the  occurrence  of  a  noise  transient  dur¬ 
ing  the  measurement  period.  For  this  reason,  systems  employing  an 
antenna-switched,  two-channel  receiver  might  be  more  susceptible  to 
this  type  of  interference.  Such  a  system  can  measure  only  one  inter¬ 
ferometer  phase  at  a  time.  The  three  phase  measurements  are  made  in 
rapid  succession,  as  fast  as  the  antenna  switching  times  will  allow. 

The  likelihood  of  encountering  a  noise  spike  in  this  sequence  of  three 
individual  phase  measurement  periods  can  be  greater  than  that  of 
encountering  a  noise  spike  in  one  phase  measurement  period.  This 
depends  on  the  expected  duration  of  a  noise  spike  relative  to  the 
length  of  the  switching  time  interval  between  the  three  successive 
phase  measurements.  If  the  former  is  substantially  greater  than  the 
latter,  it  is  clear  that  the  two-channel  receiver  system  would  work 
almost  as  reliably  as  the  three-channel  receiver  system. 

By  taking  many  phase  readings  as  rapidly  as  possible  in  a  transient- 
noise  environment,  it  seems  probable  that  the  ratio  of  "accurate"  phase 
measurements  to  "erroneous"  phase  measurements  will  be  increased  over 
that  which  is  realizable  with  a  slower  (twc-channel)  system.  Averaging 
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these  phase  readings  taken  at  the  faster  rate  should  result  in  averaged 
values  which  are  substantially  more  accurate  than  those  obtained  from 
the  slower  system.  It  may  be  added  that  there  exist  analog  phase  meas¬ 
urement  techniques  which  will  permit  continuous  (analog)  averaging  of 
the  phase  measurements.  This  method  should  yield  the  most  accuracy  of 
all,  providing  that  the  analog  measuring  and  averaging  systems  can  ba 
made  sufficiently  precise.  A  three-channel  receiver  must  be  used  if 
such  analog  averaging  techniques  are  to  be  employed.  This  enables  con¬ 
tinuous  monitoring  of  all  three  array  element  voltages.  It  will  be 
shown  in  Chapter  VII  that  interferometer  phase  measurement  averaging  has 
other  benefits  as  well  as  the  averaging  out  of  the  effects  of  this 
transient  noise  wave  interference. 

Another  source  of  phase  measurement  error  is  signal  fading.  The 
signal  may  drop  below  a  threshold  level  under  which  noise  dominates  the 
phase  measurement,  not  the  signal.  This  fading  problem  is  largely  akin 
to  the  noise  spike  problem  in  that  both  result  in  degradation  of  the 
signal- to-noise  ratio.  Signal  fading  is  almost  always  present  on  iono- 

g 

spherically  propagated  signals.  It  is  a  result  of  several  different 
propagation  phenomena.  Among  them  are  multimode  wave  interference  and 
time  variations  in  ionospheric  absorption  or  focusing. 

The  nature  of  various  causes  of  interferometer  inaccuracy  has  been 
discussed.  Now  it  is  time  to  investigate  various  methods  of  reducing 
these  sources  of  error  in  the  interferometer  system. 
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VII.  REDUCTION  OF  WAVE  INTERFERENCE  EFFECTS 
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In  the  previous  chapter  it  was  demonstrated  that  interferometer 
errors  were  due  primarily  to  the  violation  of  two  assumptions  used  in 
the  derivation  of  the  DOA  equations  (equations  1-2) .  In  this  chapter 
the  reduction  of  error  due  to  the  violation  of  the  first  assumption 
(that  the  incidence  signal  wave  is  locally  plane)  will  be  discussed. 

It  has  been  stated  that  multimode  propagation  results  in  a  corru¬ 
gated  wavefront  across  the  interferometer  aperture.  Furthermore, 
because  the  relative  phase  difference  between  the  two  interfering  waves 
varies  in  a  somewhat  linear  fashion  with  respect  to  time,  the  corruga¬ 
tion  pattern  will  shift  its  position  across  the  array  aperture.  As  the 
corrugation  pattern  is  spatially  periodic,  the  interferometer  phases 
must  likewise  vary  with  time  in  a  periodic  manner.  This  phenomenon  is 
illustrated  in  figure  13.  The  observation  made  in  connection  with 
figure  11  (that  the  averaged  corrugation  pattern  taken  over  an  integral 
number  of  corrugation  periods  appears  to  be  a  plane  wave  travelling  in 
the  same  direction  as  the  stronger  of  the  two  interfering  waves)  suggests 
that  rime  averaging  over  one  or  more  of  these  corresponding  interferome¬ 
ter  phase  variation  periods  may  result  in  averaged  interferometer  phases 

which  indicate  the  direction  of  arrival  of  the  stronger  wave.  It  has 

1  2 

been  shown  by  Glick  and  Church  that  this  is  indeed  '  e  case.  - 

Central  to  Glick 's  proof  is  the  consider. _ -  f  the  voltages 

induced  in  the  interferometer  antenna  elements.  In  a  case  in  which 
there  are  two  waves  incident  upon  the  array  arriving  from  different 
directions,  each  wave  will  induce  a  sinusoidally  varying  voltage  in  each 
interferometer  element.  The  total  voltage  induced  in  each  array  element 
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may  be  expressed  as  a  sum  of  the  two  phasors  that  correspond  to  the 
voltages  induced  in  that  element  by  the  incident  (interfering)  waves. 
Because  all  phase  measurements  must  be  made  relative  to  some  reference 
voltage,  it  will  be  assumed  that  the  reference  voltage  is  the  voltage 
component  induced  by  the  stronger  of  the  two  incident  K-aves  in  array 
element  number  1.  (See  figure  1.)  Let  it  be  assumed  that  the  stronger, 
or  primary  wave,  induces  a  voltage  of  unity  magnitude  in  the  interferome¬ 
ter  elements.  The  weaker  wave  induces  a  voltage  of  magnitude  "h"  in  the 
elements.  The  value  of  h  may  be  interpreted  as  the  relative  magnitude 
of  the  weaker  (secondary)  wave  measured  with  respect  to  the  stronger 
(primary)  wave.  The  phase  relationships  existing  between  the  two  voltage 
components  induced  in  each  of  the  array  elements  may  be  determined  from 
a  knowledge  of  the  relative  phase  difference  (4^)  between  the  two 
interfering  waves  and  the  use  of  che  interferometer  phase  difference 
equations  (see  equations  1-1).  4^  is  identical  to  the  phase  difference 

between  the  two  induced  voltages  in  the  array  reference  element  (element 
number  1) .  The  phasor  diagram  for  the  voltages  induced  in  element  num¬ 
ber  1  is  given  in  figure  14a.  Here  the  phase  represen; Ing  the  voltage 
induced  by  the  primary  and  secondary  wave  phasors  is  given  as  4^*  The 
phasor  diagram  for  the  voltages  induced  in  antenna  element  number  2  may 
likewise  be  drawn  (see  figure  14b) ,  where  (f^p  and  ^ls  are  the  phases 
of  the  voltage  components  induced  in  element  number  2  with  respect  to 
element  number  1  by  the  primary  and  secondary  waves,  respectively. 

These  phases  may  be  individually  calculated  from  the  interferometer 
phase  equations  1-1.  4>2]_p  is  calculated  using  the  direction  of  arrival 

of  the  stronger  of  the  two  interfering  waves,  and  if^g  is  calculated 
using  the  DOA  of  the  weaker  one.  Here  the  phase  of  the  primary  wave  is 


(o')  Element  No.  I 


(b)  Element  No. 2 


I V| |  =  v/T+h2  +  2h  cos 4>d 

*.»  ton'1  -h  sln 

l  +  hcos^d 

lV*ls\/,  +  h2  +2h  cos(^d  +  ^2|#“^2ip 

^2=  ton"1  sin  ^ 21  p  b  sin  (^j+^zis) 
cos  ^2|p  +  h  cos(*d  +  ^2IS) 

|v3|=%AfhZ  +  2h  cos(*d+*3ls-*3|p; 

^••ton"*1  8‘n^atp*  hs'n  W<t+^3is^ 
cos^3lp+hcos(^d+^3ls) 


Figure  14.  Interferometer  Element  Voltages  Under  Wave  Interference  Conditions 
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given  as  4>0.p,  while  the  phase  of  the  secondary  wave  is  given  by 
$d  +  ^21s*  aPPears  •‘■n  this  expression  in  order  to  make  this  phase 
value  relative  to  the  induced  primary  wave  voltage  in  antenna  number  1. 
Using  analogous  reasoning  and  notation,  the  p’nasor  diagram  for  the  third 
element  may  be  drawn  as  in  figure  14c.  The  actual  phase  of  the  result¬ 
ant  voltage  induced  in  each  of  the  antenna  elements  (as  measured  with 
respect  to  the  previously  defined  reference  voltage)  may  be  derived 
geometrically  from  these  phasor  diagrams  and  are  given  in  figure  14. 

The  interferometer  phase  differences  are  easily  calculated  by  subtracting 
these  various  element  phases  as  shewn  below: 

,  =  -1  sin  +21p  +  h  Sin  (<i>d  +  W  _  -1  h  3ln  ^d 

21  an  cos  <j>2lp  +  h  cos  (^  +  ^ls^  t3n  1  J'  h  cos  <J>^ 


) 


-1  h  sin  *d  .  -1 sin  Sip  +  h  sin  (S  +  Sis 

0,  „  =  tan  •: — r-r - - - ran  - c — — - t. - r 

Id  1  +  h  cos  4> j  cos  i  h  cos  ((j)^  +  <f>3dg) 


P31p 


_  tan-l  3ln  *31i>  +  h  aln  <*d  +  ^ls11 
32  an  cos  +  h  cos  (<{>d  +  <J>31g) 


-  tan 


-i sin  Sip  +  h  3in  (S  +  Sis) 

cos  *21p  +  h  cos  +  *21a>* 


(VII-1) 


If  it  is  assumed  that  <J>d  varies  with  time,  as  in  the  case  of  multi- 
mode  propagation,  it  may  be  concluded  by  studying  the  phase  diagrams  of 
figure  14  that  the  voltages  induced  in  the  array  elements  will  vary  in 
amplitude  resulting  in  fluctuation  of  the  received  signal  amplitude. 

The  phasor  representing  the  voltage  induced  in  an  element  by  the 
secondary  wave  simply  pivots  about  its  "tail,”  which  Is  tacked  down  in 
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the  "head"  of  the  primary  voltage  phasor.  Because  the  resultant  element 
voltage  pnasor  is  drawn  from  the  "tail"  of  the  primary  voltage  phasor  to 
the  "head"  of  the  secondary  voltage  phasor,  the  resultant  voltage  like¬ 
wise  fluctuates  in  amplitude  and  in  phase  as  varies ,  This  is  one 
cause  of  signal  fading.  The  severity  of  the  signal  fading  depends  upon 
the  value  of  h.  If  the  two  waves  are  of  equal  amplitude  (h  =  1) ,  it  is 
apparent  that  the  aignal  will  fade  away  completely  for  some  values  of 
Furthermore,  as  <j>d  varies,  it  can  be  seen  from  the  uiagram  that  it 
is  possible  that  as  the  v  ilue  of  h  approaches  unity,  the  phase  of  the 
resultant  element  voltage  may  deviate  from  the  phase  of  the  component  of 
the  element  voltage  induced  by  the  primary  wave  by  as  much  as  +  90°. 

This  analytical  result  is  in  agreement  with  what  was  predicted  heuris- 
tically  from  the  consideration  of  the  corrugated  wavefr  ,  picture  at 
the  beginning  of  this  chapter. 

Appendix  F  contains  computer-generated  plots  of  all  three  interfer¬ 
ometer  phases  under  wave  interference  conditions,  plotted  as  a  function 
of  relative  phase  difference  (4>d).  The  first  three  plots  illustrate  the 
increased  severity  of  interferometer  phase  deviation  with  increasing 
values  of  h,  (See  figures  F-l,  F-2,  and  F-3.)  Another  set  of  three 
plots  (see  figures  ^-2,  F-4,  and  F-5)  illustrates  how  the  extent  of 
interferometer  phase  variation  changes  with  increasing  angles  between 
the  interfering  signals.  These  observations  will  be  elaborated  upon 
later  in  this  chapter.  As  illustrated,  the  average  of  these  readings 
(taken  over  one  period  of  these  fluctuations)  appears  to  be  equal  to 

,  ,  the  interferometer  phase  difference  induced  in  the  array  by  the 
ijP 

3 

primary  wave  alone.  Glick  has  shown  analytically  that  averaging  che 
equations  with  respect  to  over  a  period  (or  integral  number  of  periods) 
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of  interferometer  phase  difference  variation  (from  <j>^  =  -  180°  to  180°) 
does  indeed  yield  averaged  phase  values  which  are  identical  to  the  phases 
of  the  voltage  components  induced  by  the  primary  wave.  This  indicates 
that  if  the  interferometer  phase  difference  measurements  are  time 
averaged  over  an  integral  number  of  periods  of  phase  variation  (under 
time  variant  ^  wave  interference  conditions),  the  DOA  corresponding  to 
these  averaged  phases  is  that  of  the  stronger  of  the  two  interfering 
waves . 

At  first  glance,  it  might  appear  that  <{>^  must  vary  in  a  strictly 
linear  fashion  with  respect  to  time  for  the  above  conclusion  to  be  valid. 
If  this  is  the  case,  the  time  variations  of  the  interferometer  phases 
will  follow  their  4>d  variations,  and  Glick’s  result  directly  applies  to 
time  averaging  as  well  as  to  averaging  with  respect  to  4>^.  However,  it 
is  also  permissible  that  $d  vary  with  time  in  a  random  fashion,  providing 
that  it  is  uniformly  distributed  in  an  interval  of  <f>d  which  corresponds 
to  an  integral  number  (N)  of  periods  of  interferometer  phase  variation 
(T) .  Tnic  «»sily  follows  from  the  fact  that  the  average  (expected) 
value  of  <j>^  (t)  is  given  as: 

NT 

*i1  Ud(t)]  =  /  fA  [*d(t)]  *ii  [*d(t)]  d*d  (VII‘2) 

j  '0  "d 

where  f.  is  the  probability  density  of  4>,(t).  Because  <f>,  is  taken  to 
*d  d  d 

be  uniformly  distributed  ir.  the  interval  [0,  NT], 

NT 

UdU)]}  =  f  (jj“)  <i!ij  Ud(t)]  d*d.  (VI I- 3) 

0 

But  this  is  simply  an  interferometer  phase  difference  average  taken 
with  respect  to  <4^.  This  establishes  the  validity  of  time  averaging  the 


interferometer  phase  differences  instead  of  averaging  directly  with 
respect  to  4>d,  provided  that  4^  is  uniformly  distributed  over  an  integral 
number  of  phat.e  variation  periods . 

/ 

From  a  study  of  experimental  data,  Crush  has  determined  that  4>d 
does  vary  in  a  semirandon  fashion  under  multimode  propagation  condi¬ 
tions.  Under  such  conditions,  th  4^  variation  is  commonly  observed  to 
behave  as : 


4>,  =  w.t  +  P.  (VII-4) 

Q  9 

Here  P  is  a  random  phase  perturbation  with  a  Gaussian  probability  den¬ 
sity  function  and  a  mean  value  of  zero,  w,  is  the  rate  at  which  the 
phase  is  changing.  The  standard  deviation  of  P  is  observed  to  be  small 
compared  to  w^.  This  gives  4>d  a  probability  density  function  that  is 
uniformly  distributed  over  an  interval  of  <pd  whose  length  is  roughly 
proportional  to  the  observation  time.  In  essence,  4>d  varies  in  an 
approximately  linear  fashion,  with  small  random  perturbations  to  either 
side  of  the  linear  path,  as  suggested  in  the  discussion  of  Chapter  VI. 
Hence  the  interferometer  phases  will  vary  in  a  somewhat  periodic  manner 
with  respect  to  time.  (If  4>^  varied  in  a  perfectly  linear  fashion  with 
respect  to  time,  the  interferometer  phase  variation  would  be  exactly 
periodic  in  time.)  Because  these  approximately  periodic  time  variations 


of  j  correspond  somewhat  to  the  periodic  4>d  variations  of  ,  it 
would  be  desirable  to  time  average  <j> ,  .  over  an  integral  number  of  these 
coarse  periodic  variations.  4>d  would  then  be  uniformly  distributed  over 
an  approximately  integral  number  of  periods  of  4^ . 

Alternatively,  it  may  be  found  easier  to  average  the  phase  measure¬ 


ments  over  an  arbitrary  length  of  time  that  is  substantially  greater 
than  several  periods  of  phase  variation.  It  is  likely  that  the  error 
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introduced  by  averaging  over  the  fractional  phase  variation  period  is 
negligible,  since  the  average  has  been  taken  over  a  number  of  integral 
phase  variation  periods  as  well.  This  conclusion  may  be  expressed 
mathematically.  The  average  of  <j>^  (t)  taken  with  respect  to  time  over 
an  arbitrarily  long  time  interval,  T,  is  given  as: 

T 

\  j  $ij(t)dt.  (VI 1-5) 

0 

Suppose  now  that  there  exists  a  maximum  of  N  periods  of  variation 
within  [0,  Tj,  each  of  approximate  length  t.  Then  the  average  may  be 
written  as : 


T  Nt  T 

T  I  ^ij  ^dt  ~  t"  /  ^(tjdt+i  f  <P±j(  t)dt.  (VII-6) 

0  0  Nt 

The  right-most  term  in  the  above  expression  represents  the  error  intro¬ 
duced  due  to  averaging  over  the  fractional  wavelength.  It  obviously 
tends  to  zero  as  T  is  increased,  since  T  -  Nt  must  always  be  less  than 
t,  and  (t)  remains  finite. 

The  actual  time-averaging  operation  is  not  carried  out  in  an  analog 
sense  even  though  analog  averaging  is  implied  by  the  above  equation. 
Instead,  these  averages  are  approximated  digitally.  This  is  done  by 
taking  a  number  of  successive  phase  measurements,  and  then  averaging 
these.  Thus  a  "sample  mean"  is  obtained  which  can  be  made  arbitrarily 
close  to  the  true  time-averaged  value  of  the  interferometer  phases, 
providing  that  a  sufficient  number  of  samples  are  taken.  This  implies 
that  the  interferometer  system  should  have  a  sufficiently  high  sampling 
rate.  It  should  again  be  noted  that  a  three-channel  receiver  allows  a 
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much  faster  sampling  rate,  as  all  phases  are  available  simultaneously,, 

In  the  three-channel  system,  all  three  phases  may  be  read  at  the  same 
time  instead  of  in  succession,  as  in  a  two-channel  receiver  system. 
Another  way  to  take  advantage  of  the  simultaneous  availability  of  the 
three-interferometer  phases  in  a  three-channel  system  is  the  combina¬ 
tion  of  analog  and  digital  averaging  techniques.  Between  samples,  the 
phase  variations  may  be  averaged  in  an  analog  sense.  (This  is  equiva¬ 
lent  to  inserting  low-pass  filters  between  the  phase  meter  outputs  and 
the  inputs  to  the  digital  sampling  circuitry.)  This  procedure  improves 
the  accuracy  of  the  sample  mean  without  requiring  that  more  samples  per 
period  be  taken.  It  may  be  concluded  that  under  rapidly  changing  multi- 
mode  propagation  conditions,  a  three-channel  system  can  yield  more 
accurate  DOA’s. 

Insight  into  a  second  technique  by  which  wave  interference  effects 
may  be  reduced  can  be  gained  by  examining  the  effect  of  array  baseline 
length  on  the  extent  of  interferometer  phase  fluctuation  caused  by  wave 
interference  phenomena.  This  effect  can  best  be  visualized  by  again 
referring  to  the  corrugated  wavefront  pattern  formed  by  two  interfering 
plane  waves  as  shown  in  figure  15.  This  figure  is  drawn  such  that  the 
direction  of  arrival  of  the  primary  wave  is  orthogonal  to  a  line  dram 
through  the  antenna  elements .  (The  primary  wavefront  can  be  recovered 
by  "averaging"  the  corrugated  wavefront.)  It  is  apparent  that  the 
greater  the  separation  between  a  pair  of  interferometer  elements,  the 
more  closely  the  induced  voltage  phase  difference  will  correspond  to  the 
DOA  of  the  primary  wave.  For  example,  in  figure  15,  antenna  elements  1 
and  2  will  indicate  an  azimuth  of  about  40°;  antenna  elements  1  and  3 
will  indicate  an  azimuth  of  about  73°  .  Finally,  elements  1  and  4  will 


66 


indicate  an  azimuth  of  80°  >  very  close  to  the  azimuth  of  the  primary 
wave  (90°) .  Note  that  the  antenna  elements  have  deliberately  been  posi¬ 
tioned  at  "worst-case"  points  on  the  corrugated  waveform.  That  is,  they 
are  positioned  such  that  one  element  is  at  a  crest  of  the  corrugated 
wavefront  while  the  other  is  at  a  trough.  The  deviation  of  the  indi¬ 
cated  DOA  from  the  DOA  of  the  primary  wave  must  be  at  a  maximum  under 
these  conditions.  Evidently  the  greater  the  array  baseline,  the  less 
will  be  the  deviation  of  the  indicated  DOA  from  that  of  the  primary 
wave.  As  previously  mentioned,  it  is  therefore  desirable  to  keep  the 
interferometer  baseline  as  long  as  possible,  thus  reducing  the  deviation 
of  indicated  DOA  due  to  wave  interference.  It  should  be  realized  that 
although  the  above  paragraph  has  considered  a  two-dimensional  (2-element) 
interferometer  system,  the  results  should  hold  equally  well  for  the 
triple  interferometer. 

The  effects  of  multimo'?.  wave  interference  on  a  triple  interferome¬ 
ter  system  can  be  studied  with  the  aid  of  a  hemispherical  projection 
plot.  In  Appendix  G  are  shown  a  number  of  such  wave  interference  plots. 
The  computer  program  listing  that  performed  this  simulation  appears  at 
the  beginning  of  Appendix  G.  Because  the  DOA  fluctuations  are  confined 
to  a  small  area  on  the  hemispherical  projection,  only  the  appropriate 
section  of  the  plot  is  drawn.  The  orientation  of  this  section  is  main¬ 
tained  relative  to  the  total  plot  such  that  the  azimuth  indicated  by 
any  point  on  the  plot  is  readily  identifiable.  Furthermore,  the  coaxial, 
dotted,  semicircular  lines  in  the  plot  represent  vertical  incidence 
angles,  and  are  labelled  in  degrees.  The  orientation  of  these  sections 
and  the  vertical  incidence  angle  lines  completely  specify  the  position 
that  the  section  of  the  hemispherical  projection  plot  occupies  in  the 
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total  hemispherical  projection.  The  DOA  trajectories  are  formed  by 

computing  the  DOA  under  wave  interference  conditions  using  the  equations 

presented  earlier  in  this  chapter.  A  number  of  DOA's  are  plotted,  each 

corresponding  to  different  values  of  <j>^,  while  all  other  parameters  are 

o 

held  constant.  is  varied  incrementally  in  steps  of  about  11.5  from 
a 

0°  to  360°.  This  is  the  path  of  DOA  variation  as  indicated  by  a  triple 

interferometer  under  <b  .-variant  (multimode)  wave  interference  conditions. 

d 

Two  trajectories  are  drawn  per  plot.  The  trajectory  that  indicates  the 
smaller  DOA  fluctuation  corresponds  to  an  interferometer  with  a  baseline- 
to-wavelength  ratio  of  1.  The  othtr  trajectory  corresponds  to  an  inter¬ 
ferometer  with  a  baseline-to-wavelength  ratio  of  1/2.  The  DOA  of  the 
primary  wave  is  denoted  in  each  plot  by  the  large  X. 

The  first  three  plots  (figures  G-l  through  G-3)  show  the  various 
shapes  of  the  DOA  trajectories  for  three  different  angles  between  the 
two  interfering  waves.  The  next  three  plots  (figures  G-3  through  G-5) 
illustrate  the  effect  that  increasing  the  relative  amplitude  of  the 
interfering  (secondary)  wave  has  on  the  DOA  variation.  Finally,  the 
latter  4  plots  (figures  G-6  through  G-9)  demonstrate  the  relationship 
between  the  isosceles  triple  interferometer  array  angle  (y)  and  the 
extent  of  DOA  variation.  In  examining  these  plots,  it  is  important  to 
note  the  scale  at  which  they  are  drawn.  Even  very  small  sections  of  the 
hemispherical  projection  plot  will  be  drawn  so  as  to  fill  the  whole  page. 

Several  general  conclusions  can  be  drawn  from  these  (and  other) 
plots  concerning  the  effects  of  wave  interference  on  an  interferometer 
system.  First  of  all,  it  is  oovious  that,  as  the  relative  phase  dif¬ 
ference  between  the  interfering  waves  (4*^)  varies,  the  indicated  DOA 
will  vary.  It  will  follow  a  closed  trajectory  that  is  repeated  as  <j>^ 
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varies  through  multiples  of  360° .  These  trajectories  generally 
"encircle"  the  DOA  of  the  primary  wave.  They  are  not  of  any  specific 
shape.  The  extent  to  which  the  indicated  DOA's  will  vary  increases 
with  the  angle  between  the  DOA's  of  the  two  interfering  waves  and  the 
relative  amplitude  of  the  two  interfering  waves.  It  decreases  as  the 
array  angle  is  increased.  This  latter  observation  is  not  surprising  if 
it  is  realized  that  decreasing  the  array  angle  greatly  decreases  the 
effective  aperture  of  the  system.  The  distance  between  two  of  the 
array  elements  is  reduced,  thus  making  the  system  more  susceptible  to 
the  effects  of  wave  interference.  This  observation  is  pertinent  because 
it  shows  that  though  a  small  array  angle  interferometer  system  may  be 
attract!  fe  from  the  ambiguity  resolution  standpoint  (see  Appendix  C),  it 
is  even  more  .  lattractive  from  the  standpoint  of  wave  interference  sus¬ 
ceptibility.  Finally,  it  is  evident  that  the  extent  of  DOA  fluctuation 
decreases  as  the  array  baseline  is  increased.  A  more  thorough  treatment 
of  the  effect  of  array  baseline  length  on  interferometer  wave  inter¬ 
ference  errors  is  presented  by  Talbott."’ 

An  examination  of  Table  1,  tabulated  from  data  generated  by  the 
aforementioned  plotting  program,  indicates  that  a  sample  mean  of  the  32 
computed  azimuth  and  incidence  angles  yielded  an  average  DOA  that  was 
somewhat  close  to  the  DOA  of  the  primary  wave.  On  the  other  hand,  a 
similar  sample  mean  of  each  of  che  three  interferometer  phases  yielded 
a  DOA  that  was  very  close  to  that  of  the  primary  wave.  This  is  in 
agreement  with  Click's  results. 

As  suggested  at  the  end  of  Chapter  VI,  it  is  recessary  to  make  both 
the  small  and  large  interferometer  arrays  as  accurate  as  possible.  The 
small  array  must  be  made  as  accurate  as  possible  in  order  that  it  can 
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Table  1 

Data  Tabulated  from  Wave  Interference  Simulation  Program 
Concerning  Averaged  DOA's  and  DOA's  Calculated  from 
Averaged  Phases.  (D/L  =  .5) 
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DOA  FRM 


Pri 

AZ 

Wave 

INC 

Sec 

AZ 

Wave 

INC 

REL 

AMP 

ARRAY 

ANGLE 

AVG 

AZ 

DOA 

INC 

AVG 

AZ 

PHASES 

INC 

310° 

20° 

315° 

30° 

.5 

90° 

309.4° 

20.16° 

310.0° 

20.06° 

310° 

20° 

315° 

45° 

.5 

90° 

308.9° 

20.96° 

310.0° 

20.12° 

310° 

20° 

315° 

45° 

.25 

90° 

309.7° 

20.20° 

310.0° 

20.08° 

310° 

20° 

315° 

45° 

.75 

90° 

268.1° 

24.57° 

310.0° 

20.17° 

310° 

20° 

315° 

45° 

.5 

60° 

305.8° 

20.52° 

310.0° 

20.13° 

310° 

20° 

315° 

45° 

.5 

45° 

305.1° 

20.47° 

310.0° 

20.13° 

310° 

20° 

315° 

45° 

.5 

25° 

j06  •  8° 

20.55° 

310.0° 

20. 13' 

310° 

20° 

310° 

50° 

.45 

5° 

300.9° 

20.60° 

310.0° 

20.14 

be  used  to  correctly  resolve  ambiguities  over  the  widest  possible  range 
of  operating  wavelengths.  It  therefore  makes  sense  that  the  small  array 
phases  should  be  time  averaged,  just  as  the  large  array  phase  should  be 
averaged  to  enhance  the  system  accuracy.  After  these  two  sets  of  phases 
have  been  averaged  over  a  period  of  time  that  is  long  enough  to  "remove" 
the  wave  interference  effects,  the  phase  ambiguity  resolution  procedure 
may  be  carried  out  using  these  averaged  values.  An  alternative  approach 
that  has  been  suggested  is  to  take  instantaneous  ph«.>e  readings  from  the 
two  arrays  and  carry  out  the  phase  ambiguity  resolution  procedure 
immediately.  Many  of  these  "phase  ambiguity  resolved"  (large  inter¬ 
ferometer)  phases  may  then  be  averaged  to  remove  the  wave  interference 
error. 

With  some  thought  it  can  be  seen  that  this  second  technique  is  not 
completely  reliable.  The  problem  with  this  method  stems  from  the  fact 
that  the  effects  of  wave  interference  v.ll  change  the  value  of  each 
small  interferometer  phase  by  a  certain  amount  in  one  direction  from  the 
proper  (primary  wave)  value,  while  the  corresponding  large  interferome¬ 
ter  phase  may  be  changed  to  a  much  lesser  extent.  In  fact,  the  large 
array  phase  may  be  changed  in  the  other  direction  entirely.  This  case 
is  illustrated  in  two  dimensions  in  figure  16.  Because  these  small  and 
large  array  phase  measurements  are  no  longer  proportional,  there  is  a 
strong  possibility  that  the  phase  ambiguity  resolution  procedure  will 
fall.  If  there  is  no  way  to  determine  when  the  resolution  fails  and 
when  it  succeeds,  the  failures  will  decrease  the  accuracy  of  the  final 
averaged  interferometer  phase  values. 

There  also  exists  a  problem  with  the  first  method,  but  this  one  is 
surmountable.  Averaging  the  measured  large  baseline  interferometer 
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Figure  16.  Disproportionate  Effects  of  Wave  Interference 
a  Small/Large  Baseline  Interferometer  Svstem 
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phases  directly  (as  measured  in  the  range  of  -  180°  to  +  180°)  is  quite 
useless.  A  proper  "branch  cut"  must  be  chosen.  To  understand  what  is 
meant  by  this,  one  must  go  back  to  the  discussion  of  Chapter  1,  which 
demonstrates  that  any  phase  difference  of  two  sinusoids  can  be  expressed 
by  an  angle  that  lies  within  any  arbitrarily  selected  360°  range.  (See 
equation  I-4„)  This  360°  range  of  angles  (or  branch  cuLj  must  be  chosen 
so  as  to  permit  averaging  of  a  continuous  interferometer  phase  versus 
time  curve,  Such  a  branch  cut  will  always  exist,  since,  as  shown  at 
the  beginning  of  this  chapter,  the  interferometer  phase  variation  is 
confined  to  a  360°  interval.  A  solution  to  the  problem  of  suitable 
branch  cut  selection  was  proposed  by  Grush  in  1965. ^  A  faster  and  more 
dependable  branch  cut  selection  algorithm  was  introduced  by  Allen  in 

g 

1966,  Both  methods  are  iterative  procedures  which  require  the  use  of 
a  digital  computer. 

The  temptation  to  use  the  "instantaneous  phase  resolution  method" 
(ambiguity  resolution  before  averaging  the  interferometer  phases)  has 
been  great.  No  branch  cut  problem  exists  in  this  case,  as  the  inter¬ 
ferometer  phase  measurement  samples  are  automatically  made  continuous 
after  phase  ambiguity  resolution,  assuming  the  resolution  has  been 
carried  out  successfully  for  each  sample.  Unfortun  sly,  the  phase 
.  -iguity  resolution  is  not  always  successful. 

To  further  illustrate  this  problem,  and  hence  the  desirability  of 
using  the  "average  phase  resolution  method"  (phase  ambiguity  after 
averaging  both  the  interferometer  phases),  boJi  methods  were  simulated 
on  the  G-20  digital  computer.  The  wave  interference  simulation  program 
used  in  Appendix  G  was  modified  to  perforin  this  task.  The  modified 
program  listing  and  two  sample  runs  are  included  in  Appendix  H.  In  the 
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first  sar  •  u'.  ;  Table  H-l,  the  relative  amplitude  cf  the  secondary 
wave  with  respect  to  the  primary  wave  was  chosen  such  that  the  wave 
interference  effects  were  not  too  severe.  (See  figures  F-l  and  G-4.) 
Both  methods  yielded  the  correct  primary  DOA.  In  the  second  run,  Table 
H-2,  the  effects  of  the  wave  interference  were  more  severe.  (See 
figures  F-3  and  C-5.)  The  instantaneous  phase  resolution  method  fails 
to  indicate  the  correct  primary  DOA.  This  is  due,  as  hypothesized,  to 
the  occasional  failure  of  the  instantaneous  phase  ambiguity  resoiutf 
procedure.  Such  failures  can  be  discerned  in  the  second  sample  run  by 
noticing  the  occasional  discontinuities  in  the  interferometer  phases  in 
the  column  labelled  "RESULTS  INST  PHASE  AMBIGUITY  RESOLUTION.-' 

To  determine  how  often  the  instantaneous  phase  resolution  method 
might  be  expected  to  fail,  the  program  of  Appendix  H  was  modified  to 
run  for  many  different  combinations  of  interference  conditions  and  sys¬ 
tem  parameters.  A  listing  of  the  modified  program  as  well  as  the 
program  output  appears  in  Appendix  I.  The  first  5  columns  in  the  Tables 
(program  output)  describe  the  wave  interference  conditions.  It  should 
be  noted  that  the  secondary  wave  DOA  is  expressed  in  terms  of  its  devi¬ 
ation  from  that  of  the  primary  wave  DOA.  The  next  3  columns  describe 
the  system  parameters.  "SM  D/L"  denotes  the  value  of  D^/a,  the  small 
array  baseline-to-wavelength  ratio.  Likewise,  "LG  D/L"  denotes  th«_ 
large  array  baseline-to-wavelength  ratio.  The  remaining  '■  columns  in 
the  program  output  contain  the  results  of  the  two  different  methods  cf 
phase  ambiguity  resolution.  It  should  be  emphasized  that  the  two  phase 
ambiguity  resolution  procedure  are  carried  out  in  exactly  tne  same 
manner  as  in  Appendix  H  (using  36  phase  measurement  samples  distributed 
over  one  period  of  ^  variat’on),  except  that  the  intermediate  steps  ire 
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not  printed  in  order  to  conserve  apace. 

In  Table  1-1,  the  primary  DOA  is  varied  while  all  other  parameters 
are  held  constant.  As  expected,  the  average  phase  resolution  method  was 
always  successful,  however  the  instantaneous  resolution  method  failed 
over  50  percent  of  the  time!  It  should  be  noted  that  the  failures  are 
not  very  severe.  Often  the  indicated  DOA  differs  from  the  actual  primary 
DOA  by  not  more  than  a  few  degrees.  This  is  because  only  a  few  of  the 
36  phase  measurements  have  baen  erroneously  ambiguity  resolved.  For 
tnis  reason,  it  is  likely  that  one  who  has  choser.  to  use  the  instantane¬ 
ous  phase  resolution  method  may  not  realize  that  there  is  anything  wrong 
with  the  result's  obtained. 

In  Table  1-2,  the  primary  DOA  has  been  held  cons'- ...  but  the 
secondary  DOA  has  been  varied.  Once  again  the  instantaneous  resolution 
method  *ails  occasionally.  It  appears  to  fail  for  the  cases  where  the 
deviation  between  the  DOA's  of  the  interfering  waves  is  relatively  large. 

In  Table  1-3,  the  relative  amplitude  betweer  the  interfering  DOA's 
(h)  has  been  varied.  As  would  be  expected,  the  instantaneous  resolution 
method  fails  for  the  larger  values  of  the  relative  a  .'litude. 

In  Table  1-4,  the  small  and  large  array  baseline-to-wavelength 
ratios  have  been  varied.  As  would  be  expected  from  the  discussion  at 
the  beginning  of  Chapter  VI,  the  instantaneous  resolution  method  is  more 
successful  for  smaller  ratios  of  large  array  baseline  to  small  array 
baseline  (D^/Dg).  A  further  generalization  that  is  not  so  obvious  may 
be  drawn  from  this  tabulation.  It  appears  that  for  a  given  value  of 
l^/Dg,  the  instantaneous  phase  ,  solution  method  is  more  likely  to 
succeed  for  larger  wavelengths.  Look,  for  example,  at  how  the  instan¬ 
taneous  resolution  method  succeeds  for  a  small  D/A  of  .1  and  a  large  D/A 


of  1,  but  not  for  a  small  D/X  of  .3  and  a  large  D/X  of  3,  etc.  However, 
previous  work  has  indicated  that  the  effects  of  wave  interference  are 
greater  for  larger  wavelengths.  This  is  because  increasing  the  wave¬ 
length  for  a  given  D^/Dg  value  results  in  lower  values  of  both  D^/X  and 
D/X.  Hence  both  the  small  and  large  array  are  more  subject  to  the 
effects  of  wave  interference  for  larger  wavelengths. 

In  a  like  manner,  it  is  interesting  to  note  from  Table  1-5  that  the 
instantaneous  phase  resolution  process  becomes  more  su. cessful  for 
smaller  array  angles.  (Of  course,  both  the  small  ara  large  isosceles 
arrays  must  be  of  the  same  angle.)  This  is  again  contrary  to  what 
might  be  expected,  as  it  has  been  3hown  earlier  in  this  chapter  that  the 
effects  of  wave  interference  increase  as  the  array  angle  decreases. 

The  observations  of  the  preceding  two  paragraphs  lead  to  an 
interesting  conclusion  which  can  be  further  verified  geometrically. 

Either  increasing  the  operating  wavelength  or  decreasing  the  array  angle 
results  in  a  proportionate  decrease  in  the  effective  aperture  of  both 
the  small  and  large  arrays .  Consequently  the  results  of  Tables  1-4  and 
1-5  indicate  that  decreasing  the  effective  array  apertures  in  a  small/ 
large  Mgeline  interferometer  system  results  in  greater  phase  deviations 
of  both  arrays  due  to  wave  interference;  howevet-j  these  relatively  large 
deviations  are  more  closely  proportional  than  they  are  in  larger  aperture 
systems.  Hence  (with  regard  to  instantaneous  phase  measurements), 
equation  VI-3  becomes  less  of  an  approximation  and  more  of  an  equality 
as  the  small  and  large  array  apertures  are  proportionately  decreased. 

(Of  course  the  overall  system  accuracy  will  suffer  with  the  decrease  in 
array  aperture.)  The  general  validity  of  these  results  can  be  investi¬ 
gated  geometrically  by  reconsidering  the  case  of  a  two-dimensional,  two- 
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element  interferometer  system  as  in  figure  16.  I„  figure  17  it  is  seen 
that  because  the  corrugated  phase  pattern  "looks"  somewhat  plane  to  the 
small  aperture  system,  while  the  large  system  sees  a  corrugated  wave- 
front,  the  small  system's  corresponding  small  and  large  array  phases  are 
more  nearly  proportional.  It  should  be  noted  that  this  conclusion  is 
only  valid  if  the  portion  of  the  corrugated  wavefront  intercepted  by  the 
small  aperture  system  is  a  small  fraction  of  a  period  of  wave  corruga¬ 
tion  variation.  To  further  illustrate  this  fact,  Tables  1-4  and  1-5 
were  regenerated  (see  Tables  1-6  and  1-7) ,  using  interfering  waves  that 
arrived  from  more  diverse  directions  of  arrival.  This  implies  that  the 
wave  corrugation  pattern  will  be  much  finer,  as  predicted  by  equation 
VI-9.  (See  figure  18.)  Now  the  small  aperture  system  sees  a  corrugaced 
wavefront  as  well,  and  the  above  conclusion  is  no  longer  valid J  in  factj 
the  originally  expected  conclusion  now  appears  more  valid. 

It  should  be  pointed  out  that  the  preceding  simulation  studies 
have  been  based  on  the  assumption  of  uniform  sampling  of  the  interferom¬ 
eter  phases  throughout  one  period  of  variation.  In  practice,  sampling 
is  not  uniform  with  respect  to  but  rather  with  respect  to  time. 

Hence  the  approximate  assumption  of  variation  that  is  linear  with 
respect  to  time  has  been  tacitly  implied.  Of  course,  even  if  Is  not 
varying  in  a  strictly  linear  fashion  with  respect  to  time,  the  instan¬ 
taneous  phase  resolution  method  will  fail  in  exactly  the  same  manner. 

All  of  the  preceding  discussion  in  this  chapter  has  dealt  with  the 
removal  of  the  effects  of  wave  interference  in  which  the  relative  phase 
between  the  interfering  signals  is  time-variant  (such  as  under  multimode 
propagation  conditions  or  under  conditions  of  adjacent  channel  inter¬ 
ference)  .  In  cases  in  which  the  relative  phase  between  the  interfering 


Figure  17.  Comparison  of  Phase  Proportionality  in  Small  Aperture  and 
Large  Aperture  Small/Large  Baseline  Arrays  (Case  1) 
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Figure  18.  Comparison  of  Phase  Proportionality  in  Small  Aperture 
and  Large  Aperture  Arrays  (Case  2) 
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waves  is  constant*  such  as  in  a  situation  in  which  a  siting  error  exists, 
time  averaging  of  the  interferometer  phases  will  not  remove  the  wave 
interference  error.  This  results  in  degradation  of  ambiguity  resolution 
capability  as  well  as  system  accuracy.  Of  course,  increasing  the  large 
array  baseline  will  still  result  in  a  reduction  of  the  effects  of  wave 
interference.  However,  the  array  baseline  cannot  be  made  too  large, 
lest  the  task  of  ambiguity  resolution  become  impossible. 

In  an  azimuth-only  (two-dimensional)  RDF  system,  attempts  have  been 
made  to  correct  the  siting  error  by  making  many  azimuth  measurements  of 
signals  emanating  from  known  DOA's.  A  calibration  curve  of  the  indi¬ 
cated  DOA  versus  the  siting  error-corrected  DOA  may  then  be  constructed. 
However  it  seems  somewhat  doubtful  that  this  method  is  very  reliable. 

It  has  been  shown  chat  the  extent  of  the  wave  interference  effects  (and 
hence  siting  error)  depends  upon  the  angle  between  the  interfering  waves. 
It  is  likely  that  the  RDF  system  has  been  "calibrated"  using  signals 
with  a  90°  incidence  angle,  as  the  calibration  source  is  probably  a 
transmitter  placed  at  the  ground  level.  For  signals  arriving  from 
smaller  incidence  angles,  it  is  likely  that  the  nature  of  the  siting 
error  will  differ,  as  the  relative  angles  between  the  interfering  waves 
have  changed.  Hence,  such  an  RDF  system  which  has  had  the  siting  error 
"calibrated  out"  of  it  in  this  manner  will  be  accurate  only  for  waves 
with  an  incidence  angle  near  90°.  Nevertheless,  it  seems  theoretically 
sound  that  the  siting  errors  could  be  successfully  "calibrated  out"  of  a 
three-dimensional  RDF  system  in  this  manner.  But  this  would  be  practi¬ 
cally  impossible,  as  measurements  of  many  known  azimuth  and  incidence 
angles  would  be  necessary. 
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VIII.  REDUCTION  OF  THE  EXTENT  OF  PHASE  MEASUREMENT  ERROR 

This  chapter  describes  techniques  which  have  been  used  to  improve 
system  performance  by  increasing  the  accuracy  of  the  interferometer 
phase  measurements.  One  of  the  major  problems  in  the  interferometer 
phase  measurement  process  lie1?  not  in  the  phase  meter  itself,  but  in 
keeping  the  separate  signal  paths  in  the  multichannel  receiver  of  the 
same  effective  electrical  length.  (This  was  discussed  in  Chapter  VI.) 
The  solution  to  this  problem  seems  somewhat  obvious  in  retrospect.  At 
regular  intervals  a  common  calibration  signal  is  applied  to  the  input  of 
each  receiver  channel.  As  the  receiver  phase  delay  chara>.t..^stics  vary 
with  time,  it  is  likely  that  the  receiver  channels  will  not  remain  at 
exactly  the  same  effective  length.  Consequently  the  phase  difference 
readings  taken  at  the  outputs  of  the  multichannel  receiver  may  differ 
greatly  from  the  expected  value  of  zero  degrees.  The  phase  differences 
measured  in  this  manner  are  known  as  "calibration  phases."  Any  subse¬ 
quent  interferometer  phase  measurements  may  then  be  corrected  for  this 
type  of  systematic  error  by  merely  subtracting  the  appropriate  calibra¬ 
tion  phase  from  them.  New  calibration  phases  must  be  obtained  at  a  rate 
proportional  to  the  rate  at  which  the  receive  ’base  delay  characteris¬ 
tics  are  changing.^ 

Another  type  of  error  in  the  phase  measurement  process  is  caused  by 
noise  transients,  as  discussed  in  Chapter  VI.  It  appears  that  phase 
averaging  is  the  solution  to  this  problem.  Furthermore,  it  has  been 
shown  in  Chapter  VI  that  a  three-channel  receiver  may  have  distinct 


advantages  over  a  two-channel  receiver  in  a  transient  noise  environment. 

Even  after  the  above  phase  measurement  error  reduction  techniques 
have  been  applied,  some  error  remains.  If  the  phase  measurements  v;ere 
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error-free,  their  sum  (after  successful  phase  ambiguity  resolution) 

would  equal  zero,  as  demonstrated  in  Chapter  I.  (See  equation  1-3.)  A 

look  at  some  real  interferometer  phase  data  (see  Appendix  J)  reveals 

that  .  ie  sum  of  the  interferometer  phases  is  rarely  zero,'  In  this 

case  each  ambiguity  resolved,  measured  phase  may  be  written  as 

<fc. .  =  <p. .  +  A. where  A..  denotes  the  error  incurred  in  the 

ij  ij  i  j 

measuring  process.  Therefore,  in  practice,  equation  1-3  must  be  written 
as : 


921  +  *13  +  *32 


actual  ,  xactual  ,  ^actual 
*21  +  *13  +  *32 


+  A2^  +  ■  (^2^  +  +  A ^)  =  A.  (VJII-1) 


One  might  be  tempted  to  assume  that  the  closer  A  is  to  zero,  the 
more  accurate  the  phase  measurements  are.  Because  the  individual  A^'s 
may  be  either  positive  or  negative,  this  assumption  is  questionable. 


The  Individual  phase  measurement  errors,  A^ ,  may  be  large,  and  yet  A 
could  be  very  close  to  zero.  This  will  be  the  case  if  two  or  all  of  the 


A^'s  are  large  and  of  opposite  sign  such  that  their  sum  is  relatively 
small.  If  | A |  is  large,  it  is  certain  that  at  least  one  of  the  phase 
measurements  is  inaccurate.  On  the  other  hand,  a  small  value  of  j  A |  is 


a  necessary  but  not  a  sufficient  indication  of  low  phase  measurement 


error. 

For  non-zero  values  of  A,  the  DOA  equations  (equations  1-2)  are  no 
longer  equivalent.  It  is  impossible  to  determine  in  which  phase  (or 
phases)  the  phase  measurement  error  has  been  made.  Consequently,  one 
has  no  way  of  knowing  which  two  of  the  three  in  ferometer  phases  (and 
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correspondingly,  which  equation  in  equations  1-2)  should  be  used  to 
obtain  the  most  accurate  DOA.  It  is  apparent  that  the  smaller  A  is,  the 
more  equivalent  equations  1-2  become;  hence,  the  choice  of  which  two 
phases  should  be  used  to  calculate  the  DOA  is  not  as  important.  However, 
as  noted  in  thr  preceding  paragraph,  this  does  not  necessarily  imply 
that  the  phase  measurements  have  been  made  accurately. 

As  can  be  seen  from  the  real  data  samples  of  Appendix  I,  the  sum  of 
the  averaged  phases  is  always  relatively  close  to  0,  as  contrasted  with 
the  sums  of  the  individual  unaveraged  phases.  This  is  an  indication 
that  phase  averaging  does  indeed  reduce  the  extent  of  phase  measurement 
error.  If  sufficient  phase  measurements  have  been  averaged  such  that 
A  is  within  a  few  degrees  of  zero,  it  will  essentially  not  matter  which 
of  the  three  phc are  used  in  the  DOA  calculations.  Of  course,  this 
can  be  done  only  if  the  signal  is  present  for  a  sufficiently  long  time. 

If  j A |  remains  appreciably  large  after  phase  averaging,  the  inter¬ 
ferometer  phases  may  be  taken  two  at  a  time  and  used  to  calculate  three 
distinct  directions  of  arrival.  Figure  19  illustrates  this  process,  and 
shows  the  three  DOA's  plotted  on  a  section  of  a  hemispherical  projection. 
Because  it  is  not  known  which  of  these  DOA's  is  more  accurate,  it  seems 
that  the  most  logical  choice  of  the  indicated  DOA  is  at  the  centroid  of 
the  triangle  formed  by  the  three  calculated  DOA's,  This  DOA  is  deter¬ 
mined  by  vector  averaging  the  three  calculated  DOA’s.  If  the  three 


indicated  azimuths  are  given  by  a21-32'  a21-13*  an<*  a32-13’  as  eclua~ 
tions  1-2,  the  vector  average  of  the  indicated  azimuths  i  given  as: 


POLAR  PLOT  OF  01  RECTI 0N  OF  ARRIVAL 
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It  should  be  noted  that  this  method  of  azimuthal  averaging  requires  sub¬ 
stantial  computation.  The  three  individual  azimuths  must  first  be  com¬ 
puted,  then  their  average  taken.  It  turns  out  that  the  expression  for 
the  average  incidence  angle  simplifies  in  such  a  way  that  it  may  be  com¬ 
puted  directly  from  the  interferovieter  phases.  Vector  averaging  the 
expressions  of  equation  1-2  for  021-32*  ®21  13*  anc*  ®32  13  'as  *n  e<lua- 

*•-*.««/**  yjLtiJLUo* 


e 

avg 


sin 


-1 


2  2  2 
shl  +  *32  +  *13 

<^>  m 


(VI1I-3) 


A  less  tedious  method  of  azimuth  computation  would  be  useful  from 

the  standpoint  of  system  speed.  Such  a  method  has  been  suggested  by 
2 

E.  K.  Walton.  Assume  that  the  sum  of  the  interferometer  phase  meas¬ 
urements  is  A,  as  in  equation  VIII-1.  Subtracting  A/ 3  from  each  of  the 
phase  measurements  such  that: 


“  (*ij  +  A  )  -  A/3  (VIII-4) 

will  re-establish  the  condition  rr  equation  1-3,  that  is: 

^13  +  ^3?  +  ^21  =  (VIII-5) 

Using  any  two  of  these  "corrected"  phase  values  ^ ,  the  appropriate 
formula  from  equations  1-2  may  be  used  to  compute  the  azimuth.  Because 
equations  1-2  are  again  equivalent,  angle  averaging  is  no  longer  neces¬ 
sary.  The  required  azimuth  computation  is  greatly  reduced. 

The  results  of  these  two  methods  are  plotted  in  figure  19.  Both 
methods  appear  to  give  answers  which  are  equally  acceptable.  It  is  the 
object  of  the  work  that  will  follow  to  examine  the  equivalence  of  these 
two  methods.  It  is  shown  in  Appendix  K  that  if: 
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tan  a 


21-32 


Vv 


tan  a 


21-13 


y2/x2>  tan  a 


32-13 


y3/x3> 


(VIII-6) 

then  the  first  method  described  (called  the  angle  averaging  method) 
implies  that: 


where 


a 


avg 


tan 


-1 


yl^rl  +  y2^r2  +  y3^r3 
Xl//rl  +  X2^r2  +  x3^r3  * 


(VIII-7) 


On  the  other  hand,  the  second,  faster  method  (called  the  delta  method) 
implies  that: 


a 


A 


-i  hJJllh 

x1+x2+x3* 


(VI I 1-8) 


Making  use  of  figure  K-l  (in  Appendix  K)  and  equations  VIII-1  and 
VIII-7,  it  may  be  shown  that: 


2 


*21*13  + 


K21 


r2 


2 


r 


3 


2 


Hence,  for  small 
imply  that: 


+  <p 


+  <p 


r,  - 


21^13 


21^13 


+  $21  +  [A2  -  2A$13  -  A*21]  (VIII-9) 


+  *221  +  [A2  -  A^>13  -  2A*21). 

r3,  anc  equations  VIII-7  and  VIII-8 


avg 


-  a. 


(VIII-10) 
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To  get  a  feeling  for  just  how  large  |a|  might  be  before  the  two 
methods  are  no  longer  comparable,  a  more  inductive  type  of  investigation 
whs  carried  out^  utilizing  the  G“*20  ♦-  **  ■*.  t> _ *.i 

"programmed,"  and  erroneous  phase  measurement  data  were  processed  using 
both  methods.  Most  of  the  erroneous  data  was  simulated  in  order  to 
maintain  control  of  the  error  distribution  over  the  three  interferometer 
phases.  (See  Appendix  L.)  However,  some  of  the  data  was  real,  t-iken  at 
the  triple  interferometer  RDF  station  at  the  University  of  Illinois' 
Monticello  Road  Field  Station.  (See  Appendix  J.)  From  the  computer 
simulation  results,  it  is  apparent  that  even  for  rather  large  values  of 
M ,  equation  VIII-9  holds . 


FOOTNOTES 


J.  J.  Henderson,  "Mismatch  Correction  Techniques  for  Twin-Channel 
Receivers,"  August  1965.  (RRL  Publication  No.  282.) 

E.  K-  Walton,  from  a  private  communication  at  this  laboratory. 
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IX.  CONCLUSION 

The  basic  principles  of  operation  of  the  triple  radio  interferometer 
RDF  system  have  been  discussed.  Particular  attention  has  been  paid  to 
the  ambiguity  resolution  portion  of  the  system.  It  has  been  shown  that 
phase  ambiguity  resolution  offers  advantages  over  direction  ambiguity 
resolution.  The  factors  that  influence  system  accuracy  have  been  examined 
and  suggestions  have  been  made  on  how  to  minimize  the  effects  of  these 
factors.  Some  of  these  suggestions  are  commonly  used  in  modern  inter¬ 
ferometer  systems.  Some  have  not  yet  been  tried.  It  seems  that  further 
work  in  this  area  should  involve  experimental  work  in  which  some  of  the 
theoretical  points  raised  in  this  study  are  further  checked  for  validity. 
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APPENDIX  A 

This  appendix  contains  sample  output  from  the  computer  program 
flow-charted  in  figure  6.  This  program  is  capable  of  tabulating  all 
possible  ambiguities  indicated  by  a  simple  interferometer  system  for 
any  given  direction  of  arrival  and  baseline/wavelength  value.  The 
samples  included  in  this  appendix  were  particularly  chosen  to  demonstrate 
how  the  number  of  ambiguities  varies  with  D/A  and  with  the  direction  of 
arrival,  as  discussed  in  Chapter  IV. 
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Table  A-l.  Lis'-  of  Direction  Ambiguities  (D/X  *  1) 


BASELINE  *  100.0 

WAVELENGTH  *  100.0 

PH121 

*  -50.74 

PH  1 10  * 

47.39 

HHI32  * 

10.86 

actual  Direction  of 

arrival.  .  .... 

AZIMUTH  ■ 

200.00 

INClDtNCF  * 

10.00 

GAMMA  « 

60.00 

AMB J  GUI T I  NO. 

i 

PH  1 21+2 

PI*  0  PH132+2  PI* 

0  ALPHA  * 

200.00  THETA 

*  10.00 

AFiyiGUlTi  NO. 

2 

PHI21+2 

PI.  1  PHI32+2  PI* 

0  ALPHA  * 

31-/6  THETA 

»  79.79 

♦•»*  BLOCix  ADDRESS • 

052 

Table  A-2.  List  of  Direction  Ambiguities 

(D/X  -  2) 

BASELINE  *  20U.0 

WAVELENGTH  «  100.0  PH121 

*  -11/. 49 

PHI13  *  95. 

78  PHI32  *  21.71 

actual  direction 

OF 

ARRIVAL.. 

....  AZIMUTH  « 

200.00 

INCIDENCE  ■ 

lo.uo  gamma  *  60.00 

AMBIGUITI 

no. 

1 

PH  1 21*2 

PI* 

-1 

PH132+2 

PI* 

U 

ALpHA 

s 

207.69 

THETA  * 

48.50 

AMBIGUITt 

NO. 

2 

PHI21+2 

PI. 

-1 

PH132+2 

PI* 

1 

ALPHA 

8 

160.93 

THETA  * 

44,56 

AMB 1  GUI T 1 

NO. 

3 

Rh 121+2 

PI. 

0 

PHI  32+2 

PI* 

-1 

ALPHA 

8 

255.63 

THETA  * 

41.10 

AMB1GU1T r 

NO. 

4 

PH  1 21+2 

PI. 

0 

PHI32+2 

PI* 

0 

alpha 

8 

200.00 

THETA  • 

10.00 

AHBIGUITi 

NO. 

PHI21+2 

PI* 

0 

PH  1 32  +  2 

PI* 

1 

ALPHA 

8 

107.49 

THETA  « 

32.69 

AMBIGUIT 1 

NO. 

6 

PH121+2 

PI. 

1 

PHI32+2 

PI* 

-2 

ALPHA 

8 

290.00 

THETA  » 

60.00 

AMB 1  GUI T 1 

NO. 

7 

PH  1 21  +  2 

PI. 

1 

PH  1 32+2 

PI* 

-1 

ALPHA 

8 

314. U6 

THETA  • 

28.  V7 

AMB 1  GUI T 1 

HO. 

6 

PHI21+2 

PI. 

1 

PH  1 32+2 

PI* 

0 

ALPHA 

8 

34.24 

THETA  * 

24.05 

AMBIGUITt 

NO. 

9 

PHI21+2 

PI. 

1 

PHI32+2 

PI* 

1 

ALPHA 

a 

67.34 

THETA  » 

60.94 

AMBIGUITt 

NO. 

10 

PH121+2 

PI* 

2 

PHI32+2 

PI* 

-1 

alpha 

8 

355.94 

THETA  » 

57.03 

AMBIGUITt 

NO. 

11 

PHI21+2 

PI. 

2 

PH132+2 

PI* 

0 

ALPHA 

8 

31.76 

THETA  * 

79.79 

Table 

A-3.  List  of  Direction  Ambiguities 

1  (D/X  -  3) 

BAStHNE  ' 

■>  300.0 

WAVELENGTH 

*  10U.O 

PH121  *  - 

176.23 

PMI13  * 

s  143.66 

PHI 32  «  32.57 

actual  direction 

OF 

ARRIVAL., 

»  •  •  4 

AZIMUTH  * 

200 

.00 

INCIDENCE  *  10. 

00  GAMMA  *  60.00 

AMBIGUITt 

NO. 

1 

PHI21+2 

PI. 

-2 

PH  132+2 

HI* 

0 

ALPHA 

8 

208.16 

THETA  » 

70.2? 

AMBIGUITt 

NO. 

2 

PHI  21+2 

PI. 

-2 

PHJ32+2 

PI* 

1 

ALPHA 

8 

184.09 

THETA  ■ 

56.30 

AMBIGUITt 

NO. 

3 

PHI  21*2 

PI. 

-2 

PH132+2 

PI* 

2 

ALPHA 

8 

15e.58 

theta  ■ 

63,05 

AMBIGUITt 

NO. 

4 

RHI21+2 

PI. 

-1 

PH132+2 

HI* 

-1 

alpha 

a 

232.05 

THETA  • 

53.85 

AMBIGUITt 

NO. 

5 

PHI21+2 

PI* 

-1 

PHI32+2 

PI* 

0 

ALPHA 

8 

206.90 

THETA  * 

33.83 

AMBIGUITt 

NO. 

6 

PM  1 21  +  2 

PI* 

-1 

PHI32+2 

PI* 

1 

ALPHA 

8 

165.00 

theta  * 

30,93 

AMBIGUITt 

NO. 

7 

PHI  21+2 

PI* 

-1 

PHJ32+2 

HI* 

2 

ALPHA 

8 

133.79 

THETA  ■ 

45.85 

AMBIGUITt 

NO. 

a 

PHI  21+2 

PI. 

0 

PHI32+2 

PI* 

-2 

alpha 

a 

258.87 

theta  ■ 

57.68 

AltBIGUITt 

NO. 

V 

PH  1 21+2 

PI. 

0 

PH  1 32+2 

PI* 

-1 

alpha 

a 

249.83 

THETA  s 

28.25 

AMBIGUITt 

NO. 

10 

PH  1 21+2 

PI. 

0 

PH132+2 

PI* 

0 

ALPHA 

8 

200.00 

theta  * 

10.00 

AMBIGUITt 

NO. 

11 

PH  1 21+2 

PI. 

0 

PH  1 32+2 

PI* 

1 

ALPHA 

a 

116.62 

THETA  * 

21.35 

AMBIGUITt 

NO. 

12 

PH  1 21+2 

PI. 

0 

PH132+2 

PI* 

2 

ALPHA 

8 

102*94 

THETA  • 

46.7V 

AMBIGUITt 

NO. 

13 

PHI21+2 

PI. 

1 

PH132+2 

PI* 

-2 

ALPHA 

e 

284.96 

THETA  » 

41.23 

AMBIGUITt 

NC. 

14 

PH121+2 

PI. 

1 

PHI32+2 

PI* 

-1 

alpha 

8 

304.04 

THETA  ■ 

17.69 

AMBIGUITt 

NO. 

15 

PH  1 21+2 

PI. 

1 

PH132+2 

PI* 

0 

alpha 

8 

38.02 

THETA  * 

12.4/ 

AMBIGUITt 

NO. 

16 

PH121+2 

PI. 

1 

PHI32+2 

PI* 

1 

alpha 

a 

71-81 

THETA  * 

33.04 

AMBIGUITt 

NO. 

1/ 

PH121+2 

PI* 

1 

PH  1 32+2 

PI* 

2 

ALPHA 

8 

79.33 

THETA  * 

66.74 

AMBIGUITt 

NO. 

18 

PH  1 21+2 

PI. 

2 

PH  1 32+2 

HI* 

-3 

alpha 

8 

301.27 

THETA  * 

75.95 

AMBIGUITt 

NO. 

19 

PH  1 21+2 

PI. 

2 

PHI32+2 

PI* 

-2 

alpha 

8 

318.57 

theta  * 

42. IB 

AMBIGUITt 

NO. 

20 

PHI21+2 

PI. 

2 

PH132+2 

PI* 

-1 

ALPHA 

8 

353.27 

THETA  • 

30.46 

AMBIGUITt 

NO. 

21 

RHI21+2 

PI. 

2 

PHI32+2 

HI* 

0 

alpha 

8 

32*88 

THETA  « 

36.84 

AMBIGUITt 

NO. 

22 

PH  1 21+2 

PI. 

2 

PH  1 32+2 

PI* 

1 

alpha 

8 

54.67 

THETA  » 

60.54 

AMBIGUITt 

NO. 

23 

PHI21+2 

PI. 

3 

PHI32+2 

PI* 

-2 

ALPHA 

8 

3*3.25 

THETA  « 

60.91 

AMSlGUlTi 

NO. 

24 

PHI21+2 

PI* 

3 

PHI32+2 

PI* 

-1 

ALPHA 

8 

9.03 

THETA  * 

57.92 

AMBIGUITt 

NO. 

25 

PHI21+2 

PI* 

3 

PH132+2 

PI* 

0 

ALPHA 

8 

31.76 

THETA  * 

79.79 

3 
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Table  A-5.  List  of  Direction  Ambiguities  (a  0°,  6  ■  0°) 


BAStLINE  *  30U.0 

WAVELENGTH  *  100.0 

PH121  >  0,00 

PMI13  a 

0.00 

PH  1 32  ■ 

0.00 

AUTUAL  DtRECTlON  OF 

ARRIVAL . 

AZIMUTH  a  0.00 

INOi’-  -NCE  « 

0.00 

GAMMA  . 

60.00 

AMBIGUITt 

NO. 

1 

PH121+2 

PI* 

-2 

PH132+2 

PI* 

0 

ALPHA 

a 

210.00 

THETA  a 

50.34 

AMBIGUITt 

NO. 

2 

PH! 21*2 

PI. 

-2 

PH  132.2 

PI* 

1 

alpha 

• 

leo.oo 

THETA  a 

41.81 

AMBIGUI"! 

NO. 

3 

PH  121+2 

PI. 

-2 

PH  1 32  +  2 

PI* 

2 

alpha 

■ 

ISO. 00 

THETA  a 

50.34 

AMBIGUITt 

NO. 

4 

PHI21+2 

PI. 

-1 

PH  132.2 

PI* 

-1 

alpha 

a 

240.00 

THETA  » 

41.81 

AMBIGUITt 

NO. 

5 

RHI21+2 

PI. 

-1 

pH  1 32+2 

PI* 

O 

ALPHA 

s 

210.00 

THET*  * 

22.64 

AMBIGUITt 

NO. 

6 

eHI21+2 

PI. 

-1 

PH  132.2 

PI* 

1 

ALPHA 

a 

150.00 

THETA  a 

22.64 

AMBIGUITt 

NC. 

7 

BHI 21*2 

PI. 

-1 

PH  1 32+2 

PI* 

2 

alpha 

« 

120.00 

THETA  a 

41.81 

AMBIGJiT  t 

NO. 

a 

RH I 21+2 

PI. 

0 

PH  132*2 

PI* 

-2 

ALPHA 

a 

270.00 

THETA  a 

50.34 

AMBIGUITt 

NO. 

9 

PHI21+2 

PI. 

0 

PH  1 32*2 

PI* 

-1 

ALPHA 

* 

270.00 

THETA  a 

22.64 

AMBIGUITt 

NO. 

10 

PHI21+2 

PI. 

a 

pH  1 32*2 

PI* 

O 

alpha 

a 

0,00 

THETA  a 

0.00 

AMBIGUITt 

NO. 

n 

PHI21+2 

PI. 

0 

PHI  32+2 

PI* 

1 

ALPHA 

a 

90.00 

THETA  * 

22.64 

AMBIGUITt 

NO. 

12 

PH  1 21+2 

PI. 

0 

PH  1 32+2 

PI* 

2 

ALPHA 

a 

90.00 

THETA  * 

50.34 

AMBIGUITt 

NO. 

13 

PH  1 21*2 

PI. 

l 

PH  1 32+2 

PI* 

-2 

alpha 

a 

300.00 

THETA  a 

41.81 

AMBIGUITt 

NO. 

14 

PHI21+2 

PI. 

l 

PH<32«2 

PI* 

-1 

alpha 

a 

330.00 

THETA  a 

22.64 

AMBIGUITt 

NO. 

lb 

eH121»2 

PI. 

l 

PHI32+2 

PI* 

O 

ALPHA 

a 

30.00 

THETA  a 

22.64 

AMBIGUITt 

NO. 

16 

PHI21*2 

PI. 

i 

PH132.2 

PI* 

1 

alpha 

a 

60.00 

THETA  a 

41.81 

AMBIGUITt 

NO. 

17 

RHI21*2 

PI. 

2 

PH  1 32*2 

PI* 

-2 

alpha 

a 

330.00 

THETA  a 

*1.34 

AMBIGUITt 

NO. 

18 

PHI21+2 

PI. 

2 

PHI32*2 

PI* 

-1 

Al^PHA 

a 

0.00 

THETA  a 

si. 81 

AMBIGUITt 

NO. 

19 

PH  1 21+2 

PI. 

2 

PHI32.2 

PI* 

0 

alpha 

a 

30.00 

THETA  a 

50.34 

Table 

A-6. 

List  of  Direction  Ambiguities  (a 

-  0°,  S  - 

30°) 

BAStUNE 

«  300.0 

WAVELENGTH 

a  100.0 

PH  121  a 

-180.00 

PHI13 

a  90.00  PH 1 32  a  90.00 

AJTUAL  DtRb. 

ON  OF 

arrival.*... 

azimuth 

M 

0*00 

INUIDENCE  »  30*00  GAHMA  a  60.00 

AMBIGUITt 

NO. 

1 

PH  1 21*2 

PI. 

-2 

PHI32+2 

PI* 

e 

alpha 

a 

204.79 

THETA  a 

6‘  .63 

AMBIGUITt 

NO. 

2 

PH  121*2 

PI. 

-2 

PHI32+2 

PI* 

l 

alpha 

a 

180*00 

THETA  a 

50.44 

AMBIGUITt 

NO. 

3 

PH  1 21-2 

PI. 

-2 

PH  1 32*2 

PI* 

2 

ALPHA 

a 

155.21 

THETA  a 

66.62 

AMBIGUITt 

NO. 

4 

PH  1 21*2 

PI. 

-1 

PHJ32.2 

Pi* 

-1 

ALPHA 

a 

229.11 

THETA  a 

49.80 

AMBIGUITt 

NO. 

5 

PHI21+2 

pI. 

-1 

PHi32*2 

PI* 

0 

alpha 

a 

201.05 

ThETA  a 

32. 4U 

AMBIGUITt 

NO. 

6 

Bhi21*2 

PI. 

-1 

PH  1 32*2 

Pi* 

1 

alpha 

a 

156.95 

THETA  a 

32.  TO 

AMBIGUITt 

NO. 

7 

eHIZl*2 

PI. 

-1 

PHI32.2 

PI* 

2 

ALPHA 

a 

130.89 

THETA  a 

49.80 

AMBIGUITt 

NO. 

8 

RH121+2 

PI. 

0 

PH  132*2 

PI* 

-2 

ALPHA 

a 

257.76 

THETA  a 

51.96 

AMBIGUITt 

NO. 

9 

PH  1 21*2 

PI. 

0 

PHI  32*2 

PI* 

-1 

alpha 

a 

246.59 

THETA  a 

24. 8u 

AMBIGUITt 

NO. 

IV 

PHI21+2 

PI. 

0 

PH  1 32*2 

PI* 

0 

alpha 

a 

180.00 

THETA  a 

9.59 

AMBIGUITt 

NO. 

11 

PHI21*2 

PI. 

0 

PH132*2 

PI* 

1 

alpha 

a 

113.41 

THETA  a 

24.80 

AMBIGUITt 

NO. 

12 

PHI21+2 

PI. 

0 

PH  1 32*2 

PI* 

2 

alpha 

a 

102.22 

THETA  a 

51.96 

AMBIGUITt 

NO. 

13 

eHI21*2 

PI. 

1 

PH  132*2 

PI* 

-3 

ALPHA 

a 

279.83 

THETA  • 

77.57 

AMBIGUITt 

NO* 

14 

PHI21+2 

PI. 

1 

PH  1 32*2 

PI* 

-2 

ALPHA 

a 

286.10 

THETA  a 

36,94 

AMBIGUITt 

NO* 

15 

PHI21+2 

PI* 

1 

pHl32*2 

PI* 

-1 

ALpHA 

a 

310.89 

THETA  a 

14.75 

AMBIGUITt 

NO. 

16 

RHI21+2 

PI. 

1 

PHI32+2 

PI* 

0 

ALPHA 

a 

49.11 

THETA  a 

14.75 

AMBIGUITt 

NO. 

17 

PH  1 21*2 

PI. 

1 

PHI32+2 

PI* 

1 

ALPHA 

a 

73.90 

THETA  a 

36,94 

AMBIGUITt 

NO. 

18 

PH  1 21+2 

PI. 

1 

PH  1 32*2 

PI* 

2 

alpha 

a 

80.17 

THETA  a 

77.5/ 

AMBIGUITt 

NO. 

19 

PHI21+2 

PI* 

2 

PH  1 32*2 

PI* 

-3 

ALPHA 

a 

303.00 

THETA  a 

66,62 

AMBIGUITt 

NO. 

2V 

PH121+2 

PI. 

2 

pH[32*2 

PI* 

-2 

alpha 

a 

322.41 

THETA  a 

39.12 

AMBIGUITt 

NO. 

21 

PHJ21+2 

PI. 

2 

PH  1 32*2 

PI* 

-1 

ALPHA 

a 

0.00 

THETA  a 

30.00 

AMBIGUITt 

NO. 

22 

PHI21+2 

PI. 

2 

PH  1 32*2 

PI* 

0 

alpha 

a 

37.59 

THETA  a 

39,12 

AMBIGUITt 

NO. 

23 

PHI21+2 

PI. 

2 

PH  1 32*2 

PI* 

1 

alpha 

a 

57.00 

THETA  . 

66,63 

AMBIGUITt 

NO. 

24 

PHI21+2 

PI. 

3 

PH  1 32  +  2 

PI* 

-2 

alpha 

a 

347,00 

THETA  a 

58,79 

AMBIGUITt 

NO. 

25 

PHI  21*2 

PI. 

3 

PHI  32*2 

PI* 

-1 

ALPHA 

a 

13.00 

THETA  a 

58,79 
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Table  A-7.  List  of  Direction  Ambiguities  (a  -  45°,  8  «  45°) 


BASELINE  *  300.0 

wavelength  * 

100.0  PH121  *  -180.00 

PHU3  *  -17.65 

PHI32 

actual  Direction  of 

ARRIVAL...... 

AZIMUTH  a  45. OU 

INCIDENCE  a  45.00 

gamma 

AMD  1 GU I T i 

no. 

i 

phibi+2 

PI. 

-2 

PH132+2 

PI* 

1 

ALPHA 

■ 

197.94 

THETA  « 

61.15 

AMBiGUITi 

NO. 

2 

PHI21+2 

PI. 

-2 

PH132+2 

PI« 

2 

ALPHA 

» 

172.14 

theta  • 

57.27 

AMBIGUITi 

no. 

3 

Phi ■ ;  -2 

PI. 

-2 

PHI32.2 

PI* 

3 

alpha 

n 

145 .04 

THETA  • 

76,37 

AMBIGUITi 

NO. 

.1 

PHI21-.2 

PI. 

-1 

PH  1 32+2 

PI* 

-1 

alpha 

a 

239.45 

THETA  * 

79.64 

AM8 1  GUI T I 

NO. 

RHI21+2 

PI. 

*1 

PHI32+2 

PI* 

0 

ALPHA 

a 

222.75 

THETA  • 

42.92 

AMBIGUITi 

NO. 

1 

PHI21+2 

PI. 

-1 

PH  1 32+2 

PI* 

1 

ALPHA 

a 

186.79 

THETA  » 

30.39 

AMBIGUITi 

NO. 

> 

PH  1 21+2 

PI. 

-1 

PH  1 32*2 

PI* 

2 

ALPHA 

a 

148.40 

THETA  ■ 

35.95 

AMBIGUITi 

NO. 

u 

PH  1 21+2 

PI. 

-1 

PH  1 32  +  2 

Pi* 

3 

alpha 

- 

125.83 

THETA  ■ 

58.66 

AMB  1  GU  i i 

NO. 

9 

RHI21+2 

PI. 

0 

PH132+2 

PI 

-1 

alpha 

« 

255.72 

THETA  a 

42.50 

AMBIGUITi 

NO. 

1U 

RH I 21v2 

PI. 

0 

PHI32+2 

PI* 

0 

alpha 

a 

238.29 

THETA  a 

18,4V 

AMBIGUITi 

NO. 

11 

PHI21+2 

PI. 

0 

PH  1 32*2 

PI* 

1 

alpha 

a 

145.37 

THETA  ■ 

11.69 

AMBIGUITi 

NO. 

12 

PH121+2 

PI. 

0 

PHI32+2 

PI* 

2 

ALPHA 

a 

108.43 

THETA  a 

31.81 

AMBIGUITi 

NO. 

13 

'H I 21+2 

Pi. 

0 

PH  1 32  +  2 

PI* 

3 

alpha 

a 

100.67 

THETa  ■ 

64.22 

..MBIGUITt 

NO. 

14 

PH  1 21*2 

PI. 

1 

PH  1  32+2 

PI* 

-2 

ALPHA 

a 

281.13 

THETA  a 

59.70 

AMBIGUITi 

NO. 

lb 

PHI21+2 

PI. 

1 

PH  1 32+2 

PI* 

-1 

At>HA 

a 

289.83 

THETA  a 

29,43 

AMBIGUITi 

NO. 

16 

PH  1 21+2 

PI. 

• 

PH  1 32  +  2 

PI* 

0 

ALPHA 

a 

335.10 

THETA  a 

10.59 

AMBIGUITi 

NO. 

1? 

PHI  21*2 

Pt. 

i 

PHI32+2 

PI* 

1 

ALpHA 

a 

61.55 

THETA  a 

20.48 

AMBIGUITi 

NO. 

18 

PHI21+2 

PI. 

l 

PHI  32  +  2 

PI* 

2 

ALPHA 

a 

76.47 

THETA  a 

45.42 

AMB  t 1  UITi 

NO. 

19 

•  MI21+2 

PI. 

2 

PH132+2 

PI* 

-2 

alpha 

a 

307.37 

THETA  a 

55.4  7 

AMB  1  GIT  i 

•«  ’. 

20 

PH  1 21  +  2 

PI. 

2 

PHI32+2 

PI* 

-1 

ALPHA 

a 

331.65 

THETA  a 

34,62 

AMB  I '  JUi 

itO  . 

21 

PHI  21  +  2 

Pi. 

2 

PH132+2 

PI* 

0 

ALPHA 

a 

12.96 

THETA  a 

30.B7 

AMBluUITt 

1.  . 

PHI21+2 

PI. 

tl 

PHI32+2 

PI* 

1 

ALPHA 

t 

45.  Q0 

THETA  a 

45.00 

At  ' 

BHI21+2 

Pi. 

3 

PHI32+2 

PI* 

-  2 

ALPHA 

* 

330*98 

THETA  a 

72,35 

•imb  i  i-  1*  i 

*.,)  » 

RHI21+2 

I. 

3 

PH  1 32*2 

PI* 

-1 

ALPHA 

a 

354.70 

THETA  a 

56.62 

AMB I oU 1 f l 

o. 

PH  I 21  +  2 

pi. 

1 

PHI32+2 

PI* 

0 

ALPHA 

a 

20.26 

THETA  a 

62.66 

Table  A-8. 

List  of 

Direction  Aubiguities 

la  »  45°,  8 

»  80°) 

BASELINE 

*  3CU 

.0 

WAVELENGTH 

>  100. G 

PH  121  » 

3?«07 

Pm  1 13 

a  52.65  PH ; 32 

actual  direction  of 

arrival. 

*  * , 

AZIMUTH 

.  4S 

.00 

INCIDENCE  «  80.00  GAMMA 

AMBiGUITi 

NO. 

1 

PH  1 21+2 

PI. 

-3 

PHI32.2 

PI* 

2 

aLPka 

173,01 

THETA  a 

77.84 

AMBIGUITi 

NO, 

2 

PHI21+2 

PI. 

-2 

PHI32+2 

PI* 

0 

AwPHA 

215.74 

THETA  , 

51.70 

AMBIGUITI 

NO. 

3 

PHI  21+2 

PI. 

-2 

PH  1 32*2 

PI* 

1 

ALPHA 

186.58 

THETA  a 

39,88 

AMBIGUITI 

NO. 

4 

PHI21+2 

PI. 

-2 

PH132.2 

PI* 

2 

ALPHA 

153.94 

THETA  a 

45.16 

AMBiGUITi 

NO. 

5 

PH121+2 

PI. 

-2 

PHI32+2 

PI* 

3 

ALPHA 

132.45 

THETA  a 

70.69 

AMBiGUITi 

NO. 

6 

RH121+2 

PI. 

-1 

PH [32+2 

PI* 

-  , 

ALPHA 

244,99 

THETA  a 

45.90 

AMBIGUITI 

NO, 

7 

PHI21+2 

PI. 

-1 

PH  1 32*2 

PI. 

0 

ALPHA 

221.21 

THETA  a 

23.80 

'MBIGUITl 

NO. 

8 

RHI21+2 

PI. 

-1 

PHI  32+2 

PI* 

1 

ALPHA 

158.60 

THETA  a 

19,03 

AMBiGUITi 

NO. 

9 

EHI21.2 

PI. 

-1 

PH  1 32+2 

PI. 

2 

ALPHA 

121.07 

THETA  a 

36.04 

AMBIGUITI 

NO. 

10 

PH  121*2 

PI* 

-l 

PHI32+2 

PI* 

3 

ALPHA 

1q8.86 

THETA  a 

69.9J 

AMBiGUITi 

NO. 

11 

PHI21+2 

PI. 

0 

PHI32+2 

Pi* 

-2 

ALPHA 

272.02 

THETA  a 

57.54 

AMBiGUITi 

NO. 

12 

PH  1 21+2 

PI. 

0 

PHI32.2 

PI. 

-1 

ALPHA 

273,71 

THETA  a 

27.34 

AMBiGUITi 

NO. 

13 

RHI21+2 

PI. 

0 

PHI32+2 

PI* 

0 

ALPHA 

292.02 

THETA  a 

4.54 

AMBiGUITi 

NO. 

14 

RHI 21+2 

PI. 

0 

PHI32.2 

PI. 

1 

ALPHA 

84.55 

THETA  a 

18,23 

AMBiGUITi 

NO* 

15 

PHI21+2 

PI. 

0 

PHI32+2 

PI* 

2 

ALPHA 

87.56 

THETA  a 

44.19 

AMBIGUITI 

NO. 

16 

PHI  21+2 

PI. 

1 

PH  1 32*2 

Pi* 

-2 

ALPHA 

299,15 

’  i TA  » 

48.18 

AMBiGUITi 

NO. 

17 

PH  1 21+2 

P  ’ . 

1 

PHI32.2 

PI* 

-1 

ALPHA 

323.78 

Ti  _TA  a 

26.74 

AMBiGUITi 

NO. 

18 

PHI2H2 

1  t. 

i 

PH  132.2 

PI« 

0 

ALPHA 

18.15 

THETA  a 

22.46 

AMBIGUITI 

NO. 

19 

PHI21+2 

PI. 

1 

PHI32+2 

PI* 

1 

ALPHA 

54.23 

THETA  a 

38,39 

AMBIGUITI 

NO. 

20 

PHI21+2 

PI. 

1 

PHI3H+2 

PI* 

2 

ALPHA 

67.78 

THETA  a 

73,76 

AMBIGUITI 

NO. 

21 

PHI23+2 

PI. 

2 

PHI32+2 

PI* 

-2 

ALPHA 

326 . 65 

THETA  a 

56.48 

AMBiGUITi 

NO. 

22 

pH  I £1+2 

PI. 

2 

PHI  32+2 

PI* 

-1 

alpha 

353.98 

THETA  « 

44,45 

AMBiGUITi 

NO. 

23 

PHI21+2 

PI. 

2 

PHJ32+2 

Pt* 

0 

ALPHA 

24.10 

THETA  a 

49,72 

AMBiGUITi 

NO. 

24 

RHJ2J+2 

PI. 

2 

PHI32+2 

PI. 

1 

ALPHA 

45.00 

THETA  a 

80,00 

162. 3b 

60.00 


-84.72 

60.00 
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APPENDIX  B 

This  appendix  contains  unit  hemisphere  projection  plots  which  pre¬ 
cisely  correspond  to  the  ambiguity  data  found  in  Appendix  A.  Note  the 
symmetry  of  these  plots.  Note  also  how  the  plots  vary  with  D/A,  as 
discussed  in  Chapter  IV. 
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360-0  _ , _  _JSQ.  o 


UNIT  HEMISPHERE  RMBIGUITT  PLOT 
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D/LRMBDR  =  3.00  AZIMUTH  =  0.00  INCIDENCE  0.00 

NORTH 


o.o 


ARRAY  ANGLE  =  60.00 

Figure  B-5.  Hemispherical  Projection  Plot  (y  =  0°,  0  =  0°) 


'0'08 


102 

UNIT  HEMISPHERE  RMBIGUITT  PLOT 

D/LHMBDR  =  3.00  RZIMUTH  =  45.00  INCIDENCE  Mb. 00 


NORTH 


260.0 


RRRRY  RNGLE  =  60.00 

Figure  B-8.  Hemispherical  Projection  Plot  (y  =  45°,  0  =  80°) 
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APPENDIX  C 

A  listing  of  the  general  ambiguity  locating  program  (GNAMLC)  as 
well  as  four  sample  hemispherical  projection  plots  is  included  in  this 
appendix.  Program  GNAMLC  is  structured  according  to  the  flow  chart  of 
figure  6,  except  that  it  uses  the  more  general  isosceles  array  inter¬ 
ferometer  equations.  (See  equations  IV-1.) 

Due  to  the  symmetry  of  these  plots,  it  has  been  found  that  such 
hemispherical  projection  plots  may  be  constructed  in  a  much  simpler 
manner  (without  the  use  of  a  computer!),  using  equations  IV-10  through 
IV-13.  This  is  discussed  at  the  end  of  Chapter  IV. 

The  four  sample  plots  have  been  specifically  chosen  to  illustrate 
how  the  number  of  direction  ambiguities  and  the  ambiguity  distribution 
pattern  varies  with  the  isosceles  array  angle,  gamma. 

The  user-written  subroutine  "REDUCE,"  called  by  program  GNAMLC,  is 
documented  and  listed  in  Appendix  M.  All  other  subroutines  called  are 
part  of  the  G-20  digital  computer  system  library.  Information  on  these 
library  subroutines  or  on  the  G-20  Fortran-M  language  (in  which  all  pro¬ 
grams  listed  in  this  thesis  are  coded)  may  be  obtained  from  the  G-20 
computing  facility  of  this  laboratory. 
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S  INPUT  SnURCF  CARDS 

I  execute 

S  FORTRAN 

h  Name  gnami.ci 

h  E(JUIP=PR1  nte.cardre,  cardpuj 

H  SINQLEaLLJ 

C*o###THfS  IS  u  GENERAL  ISOSCELES  INTERFEROMETER  ARRAY  AMBIQUITY  LOCATING 
C***##ProGRam .  input  Data  CONSISTS  of  THE  SPECIFIED  AZIMUTH  AND  INCIDENCE 
C**###ANGLES  (IN  DEGREES ) ,  THE  ARRAY  BASELINE,  AND  OPERATING  WAVELENGTH  (IN 
C**»»#METERS).ANr-  THE  ISOSCFlES  ARRAY  ANGLE  (IN  DEGREES).  (5F10.5  FORMAT.) 
C#«#*#ThtS  PROGRAM  LISTS  ALL  POSSIBLE  AMBIGUITIES  AS  SEEN  BY  THE  INTERFEROMETER 
C#*#*#ARRAY.  IT  THEN  PLOTS  THEM  ON  A  UNIT  HEMJSPERICAL  PROJECTION. 

C  #  •  *  *  # 

dimension  iwrkuoooi . x < 500 j . y<500> 

Pls3. 1415926535898 
Tup  I 32 . *P  I 
DEG«ieO./PI 
DO  999  I REO*t »  3 

Read  in.  xalpha.xtheta.d.xl amb.dgamma 

GaMMA=OGAMMA/DEG 
TPDL  =  T|]P  I  •d/xlamb 
RxaLPI-  =  XALPHA/DEG 
RXTHETsXTHPTA/DEG 
SntH  =  S I N ( RXTMgT  ) 

C»***«UsF  ALPHA  to  determinf  unambiguous  interferometer  phases 

PHt21=TPPI  «COS(RXALPH )»SNTh 
PHI13=-TPni  *COS(RXALPH-GAMMA )*SNTH 
PH  I  32s  TP Ot.  •  (COS(RXALPH-GAMMA  )-COS(RXALPH)  )«SNTH 
C*«*##PEnUCF  PHJ ! J S  BY  MULTIPLES  OF  2  PI  UNTIL  BETWEEN  -  PI  AND  *  PI 
Cai  L  REnUCF(PHI21) 

call  rfducf(phii3) 

Cai  L  RFDUCF (PHI32) 

Dl  =D/Xl  AMR 
DpHll3  =  r>F0.PM!i3 
DPHl2lsnFGtPHl2i 

DPHl32sDFG*PHI32 
10  F0PMAT(5Hn.5) 

print  ?o.n.xtAMR,npHi?i , dpi- H3, DPHI32 

20  Format ( 1?M1 BASEL  INF  S  ,F5.1,5X,14H  WAVELENGTH  X  ,F5.1(5X,9H  PHI21 
S*  , F  7 . 2  »  5  X . 9H  PH  1 1 3  S  ,F7.2,5X,9H  PHI32  *  ,F7.2) 

Print  pi.xai.rwa.xthfta.dgamma 

21  F  ORMAT ( //3 aH  ACTUAL  DIRECTION  OF  aRR  IVAL. , , . . . »0X,1OH AZIMUTH  =  , 

|F  7  2.PX.12MINCIDENCF  =  , F 7 . 2 . 4X . 8HG AMMA  »  ,F7,2,///) 

TpnL  ■  T HP  I  *r;/XLAM8 
N  =  n/XL  AMM*1 
MsptN+l 
JCOUNTsO 

C*«***BF0IN  VAPYiNG  PH  1 21  ANP  PHJ31  BY  ♦  OR  -  2  Pi 
DO  AO  M 2 1 s 1  . m 
N21 *M21 -N-1 
Tph I  2 1  sPH I ?1*TUP I *N21 
DO  4 0 M 3 2  =  1  •  M 
N3?*M32-N-1 
TphI3?=PhI32>TUPI*N32 

SmSQ*TPH!2i#*2*TPHI32*»2*TFHI21*TPHI32 

C#«»**RFJECT  PHACE  AMBIGUITY  CCMINATIONS  that  yield  imaginary  incidence  angles 

XNUMl  =  TPH!?l«-TPHl32-TPMl2t«C0S(GAMMA) 

XnFNl=TPH»?l*SIN(GAMMA ) 
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XTN*ATaN2(XNUM1,XDEN1) 

REJECT«C0S(XTN)»C0S<XTN-GAMMA> 

C0NDX=C0S(xTN)*»2+C0S(XTN-GAMMA)»#2 
SORTl=SQRT(SMSO/(CONDX-REJECT)) 

I F ( SQRT1-TPDL )  30,40,40 

C««#*»lF  TPFI21  AND  TPHI32  PASS  THIS  TEST,  COMPUTE  ALPHA  AND  THETA 

30  ALPHA=XTN 
DalPHA*DEG*ALPHA 
ThFTA=aSIN(SORT1/TPDL) 

DTHETAeTHETA*DEG 
STH*S!N(THFTA) 

JC0UNTcJOOtlNT*l 
Y ( JCOIWT ) =rOS ( ALPHA  )*STH*3 .5 
X(  JC0LMT)=«?!N<ALPHA)*STH»3.5 
PRINT  31 , JrOUNT  * N21, N32, DAL PHA , DTHETa 

31  F0RMATI15H  AHBIGUITY  NO.  , 1 4 , 3X , HHPH 1 21*2  PI*,I3.3X, 

S11HPHI32+2  PI*,I3,3X,9H  ALPHA  =  , F7 . 2 , 3X , 8HTHET A  «  ,F7.2> 

40  CONT1MIE 

CALL  PLOTS! IWRK, 1000, 150  . ,  11  .  ) 

C*«#*#SWIFT  ORIGIN  (ASSUMING  PEN  STARTED  IN  LOWER  RIGHT)  TO  CENTER  OF  P/GE 
Call  P|  0T(4.»5.»-3) 
c*«#**Draw  x.y  axes 

Call  PLOTtn. ,-3.5,3) 

Call  pi  n t t n . .3.5,2) 
call  plot(-3.5,o.,3> 

Cai  L  PL  OT< 1.5,0 . ,2) 

C*«**»DRaW  LNIT  r  I RCLE  (PROJECTICN  OF  ERICS  UNIT  HEMISPHERE) 

call  pi  oTn.5.o.,3> 

W=o  . 

DO  200  J  =  1 .151 
ArCOS(uO*3.5 
BsS I N ( w  )  *3 . 5 
Call  Pi  O' ( a, p,2) 

2o6  W  =  W*TLPI/1C)0. 

YENRATalP  . /DEG 
EirRD=-80 . /DEG 
DgaZ  =  0  . 

Radaz= o . 

C*«***CAI  IBRaTE  i iN 1 T  CIRCLE  IN  DEGREES  AS  ON  A  COMPASS  (DRAW  AZIMUTkAL  SCAlE). 
DO  201  I  MC  =  1 , 18 
DGaZMs.DGA? 

CscOS ( RADA7  )  *3 . 5 
D  =  s I N ( R AD A7  )  *3 . 5 
call  svmpqi (c,c, .07.4,nGAZM,-i) 

C=1 , 02*o 
Oil  .02*0 

Cai L  MlMrtF»(C,C, .07,DGAZ,DGAZM,1) 

DgaZ=DGA7+20 . 

201  RaDAZ=RADA7*TUPI/18. 

ThFTA  =  F 1 1 Rr 

C*****DRAW  SINUSOIDALLY  SPACFD  TICK  MARKS  ON  X,Y  AXES,  INDICATING  INCIDtNCb 
C*«*.*ANGLES  (10.  DEGREF  INTFRVALS) 

Do  203  I ('T  =  t .  17 

STRsSlN(TMFTA)*3.5 

Call  pyMHOi  (STH.O., .07,4,0.,-l) 

203  THFTAsTMFTA  +  TgrgRAn 
TrFTAiF  I  TRI' 

Do  204  I  (' T r  1 , 1 7 

STH»SIKKTHPTA)*3,5 

call  symboi (o.,sth,.o7,4,9o.,-i) 
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204  THETAsTHETA+TENRAD 
C*«#*»PloT  AMBIGUITIES 

DO  202  LOOPal , JCOUNT 

202  call  symroi  <x(loop),y<loop>,.08#5»o.,-i> 
c#«***draw  in  system  parameters  cn  plot 

Call  SYMROI  (-1.25,-4.25# .14»14HARRAY  ANGLE  ■  * 0 . *  14 ) 

Call  MiMRER( .7, -4. 25* .14#DGAMMA#0. .2) 

CAI  L  SYMROI  (-.4,3.8, . 21 # 5HN ORTH# 0 . # 5 > 

Call  SYMROi (-2.5,5., .21 #30HUNIT  hemisphere  AMBIGUITY  PLOT, 0. #30) 
CaLLSYMROI.  (-3. 6, 4. 5,  . 14# 11RD/LAM0DA  s  ,Q.,11> 

CAI  LNUMRERf -2. ,4.5, .14.DL.0 . ,2) 

CaLLSYmBOI  (-.88,4.5, .  14, 10H AZ I MUTH  ■  ,0,,l0) 

Call  NUMBER (  .5,4.5, . 1 4, X AL PHA , 0 . , 2 > 

Call  symroi  (  1.9, 4. 5, .i4,i2HiNclDENCE  *  ,o,.io> 

Call  NUMRERf  3. 3, 4, 5, .l4,XTMETA,0.,2) 

C#«#«»M0VE  PFN  Tn  NEW  STARTING  POSITION  TOR  NEW  PLOT  TO  BE  INITIATED 
Call  FL0T(5. ,-5.,-3) 

999  CONTINUE 
CALL  Ey I T 
EivO 
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UNIT  HEMISPHERE  AMBIGUITY  PLOT 

D/LAMBDR  =  3.00  AZIMUTH  =  20.00  IICIOENCE  25.00 

NORTH 

0.0 


_ 280.0 


UNIT  HEMISPHERE  RMBIGUITY  PLOT 
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O/LAMBDR  =  5.00  AZIMUTH  =  20.00  INCIDENCE  25.00 

NORTH 


o.o 


coal 


ARRAY  ANGLE  =  30.00 

Figure  C-2.  Hemispherical  Projection  Plot  (y  =  30°) 


UNIT  HEMISPHERE  RMBIGUITY  PLOT 


112 


O/LRMBDR  =  3.00  AZIMUTH  -  20.00  INCIDENCE  2E.00 

NORTH 


o.o 


ARRAY  ANGLE  =  90.00 

Figure  C-5.  Hemisp’ erical  Projection  Plot  (y  *  90°) 
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APPENDIX  D 

The  limitations  of  an  approximate  azimuth  direction  ambiguity  reso¬ 
lution  system  are  studied  in  this  appendix.  The  significance  of  the 
results  contained  herein  is  explained  in  Chapter  V. 

The  program  listing  is  included.  All  user-written  subroutines 
called  are  listed  in  Appendix  M. 


KUlMdlllOO 
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INPUT  SOURCE  CAROS 

execute 

FORTRAN 

name  ambplti 

EOll I P  =  C ARDRE. PR  I NTE.CARDPUI 
S  I  NfGLF  ALl  S 

•••••This  is  an  ambiguity  choosing  program,  from  all  possible  ambiguities 
c»«**»It  chcosfs  and  counts  all  ambiguities  WIThIN  A  SPECIFIED  AZIMUTHAL  sector 
c*»*««of  arrival,  it  thpn  pi  ots  the  number  of  AMBIGUITIES  found  WITHIN  this 
C****«CfrTAIm  T oi  PRANCE  VS  D/LAMEDA.  ALL  PROGRAM  PARAMETERS  ARE  VARIED 
C*****INTERNaLLY.  HENCE  THERE  IS  NO  INPUT  DATA  REQUIRED  OTHER  THAN  SOME 
C*****A|.PHAMlMFRtC  LABEILING  INFORMATION. 

C*«*** 

dimension  i  arelkii).laBel?«ii) 

Dimension  MAP(i5.20)*nTHETA  <5oo)»dalpha(500  > 

ntfst=o 

Pl=3. 1415926535898 
TUPl=2.*PI 
DEG*180./PI 
SOPH=SORT(1 .5) 

READ  1 , L ABFL1 » LABEL  2 
1  F  ORM AT ( 1 1 A1  ) 

XTHETA  =  lt>. 

XAI  PHA  =  0. 

DO  101  I  THF T  A*2 , 6 
DO  100  IALPHA«1,16 

C*«***C0MPUTF  AMRIGUOUS  INTPRF  PHASES  from  xalpha,  xtheta 
RVALPHaXAl  PHA/DFG 
RXTHETsXTHFTA/DEG 
SNTHsSIN(RXTHET) 

C*«***SFT  UP  LOOP  TO  VARY  D/I  AMflC A  FROM  1  TO  6  IN  INCREMENTS  OF  1/3 
"I  =.66666666667 
.13  i  i  60  ‘  01  =1  .16 
14  Di.sDL+.  333  3  3333333333 
Tp -'L  ~ T UP  i  *f’! 

C*«,**USP  Al  PHA  ’0  DETERMINF  INTERFEROMETER  PHASES  (UNAMBIGUOUS) 

PwI21  =  tP.U.*C0S<RXALPH)«SNTF 
PhH3  =  TPi>L#C0S(RXALPH-?.«TLPI/3.  >*SNTH 
PHl32  =  Tpiii.  *C0S(RXALPH-TUPI/3.  )*SNTH 
C*«***RFnUCE  PhIUS  BY  MULTIPLES  OF  2  PI  UNTIL  BETWEEN  -  P I  AND  ♦  PI 
call  rfducf ( phi 21 ) 

CA!  L  RFDUCF ( pH 1 13  > 

Cai L  RFDUCF(PHI32) 

DPH I  21 =PH I ?1*DEG 
DPHI13*PhJi3*DEG 
DPHI32sPHI32*DEG 
21  TPDLH=(  TP!iL«*2)*.75 

N=nL*l 
Ms?*N-»J 
JCOUNT=0 

Cc«***BEGlN  VARYING  PH  1 21  AND  PHI32  BY  ♦  OR  -  2  Pi 
DO  40  H21 =1  .  M 
N21»M21-n-i 
TphI21=PhI?i*TUPI*N21 

Do  40  M3?  =  i 

N32sM3?->'J-i 

TphI32=PhI32>TUPI*N32 

ShSG=tphI’i*»2+TPHI32**2^TfhI21*TPHI32 
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C**«*«ThROW  OUT  if  the  PROPOSED  COMBINATION  OF  PHI21  AND  PHJ32 
c»»*«  DOES  NOT  YIELD  SIN  THETA  •  OR  LESS  THAN  1 

lF(TPDLH-SMSQ)40,30,30 

C***»*IF(PHI?1  AND  PHJ32  PASS  THIS  TEST  COMPUTE  ALPHA  AND  THETA 
30  ARfil«2.#TPni32*TPHI21 
ARG2*l,732fl51»TPHl21 
ALPHA=ATAN?(ARG1,ARQ2) 

STH»SCPT(2.#SMSQ)/(TPDL«S0RH) 

JCOUNTsJCOUNT+1 
DALPHA  ( JcniiNT )  «DEG# ALPHA 
DTHETAf  JCOliNT)=DEG#ASlN(STH) 

40  CONTINUE 

C****«SET  UF  LOOP  WHICH  VARIES  ERRTOL  FROM  0  TO  ♦  OR  -  10  DEGREES  OF  XAI.PHA 
C**«*«ErrTOL  IS  NOT  SET  PRECISELY  EQUAL  TO  ZERO  DUE  TO  PROBLEMS  WITH 
C**#««COMPUTPR  ROUNDOFF  ERROR.  HOWEVER  IT  IS  ESSENTIALLY  ZERO 

41  ERRTOL  * .  0  049 

DO  60  I  OOPrl.il 

C**»«#C0UNT  NUMRFR  OF  AMBIGUITIES  THAT  HE  WITHIN  ♦  OR  -  ERRTOL  OF  THE  TRUE  AZ 
NUMAM  s  0 
DO  49  NL  =  1 , JCOUNT 

IFIDALPHA (ml )-X ALPHA -ERRTOL  >42*42.46 

42  IF (DAI PHA(NL)-X ALPHA ♦ERRTOL ) 44,43,43 

43  NuMAM=NUMAH*1 
GO  TO  49 

44  IF (XALPHA+FRRTOL-360. )49, 45,45 

45  IF(XALPHA- 3 60. ♦ERRTOL-DALPHAtNL >>49*43,43 

46  IF (XALpHA-fRRTOL >47, 47,49 

47  1 F(XALpHA*360.-ERRTOL-DALPH A (NL>  >43,43,49 

49  CONTINUE 

C#«*##SaVE  NUMAM  IN  PROPER  LOCATION  OF  MAP  ARRAY 
LPsl2-|  OOP 
Map(lp.ndl  )=NUMAM 

60  ERRTOL sERPTOL+1, 

C*«*#*MaP  NCW  CONTAINS  OUTPUT  INFORMATION 

72  I F  (  NTFrT  )  7*5 , 74. 75 

74  PRINT  73 

73  FORMAT(lHl) 

NTEST=1 

GO  TO  76 

75  NTEST=0 

76  CONTINUE 

69  PRINT  61,XALPHA,XTHETA 

61  format ( ih  .////, 108H  chart  of  the  number  of  ambiguities  that  fall 
SWITHIN  a  Certain  proximity  (♦  OR  -  ERROR)  OF  A  GIVEN  AZIMUTH  , 
S///,41X.10haZIMUTH  s  , f7 . 2 , 8H  DEGREES, /, 40X, 12HINC I DENCE  a  ,F7,2, 

S8H  DEGREES.//) 

DO  62  tsl.il 
KOUNTsii-l 

62  PRINT  63.LA8ELK  I  )  ,‘.ABEL2(  I  ) ,  KOUNT ,  (MAP(  I  .  J  > ,  J*1 , 16  ) 

63  FORMATtlH  .  A1 , 2X.  AJ. ,  4X  ,  I  2, 3X,  16 1 6  > 

PP I  NT  64 

64  FORMAT!//  .17X.96H  1.00  1,33  1.67  2.00  2.33  2.67  3.00  3.33 

S  3.67  4.00  4.33  4,67  5.00  5,33  5.67  6,00  ,//45X,19HBAS6 

SLINE/WAVELFNGTH  ) 

X  A I  PHAcXAl.PHA>22, 

100  CONTINUE 
XTHETA.XTHPTA+15. 

XAl PHAxO . 

101  CONTINUE 
cai l  exit 


end 


♦  ,  -  ERROR 
IN  DEGREES 


Table  D-l.  Typical  Ambiguity  Proximity  Chart 
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S  EXECUTE  119 

S  INPUT  PROGRAM  TAPE.CDDUP 

s  input  source  cards 

S  EXECUTE 

S  FORTRAN 

H  NAME  AMBPITJ  (MODIFIED  VERSION) 

H  E0iiIP  =  rARDR6,PRINTE,CARDPUl 

H  S I NGLE ALL  J 

C*« ***************************************************************************** 

C*###«THIS  program  HAS  SEEN  MODIFIED  TO  TEST  AN  AMBIGUITY  REJECTION 
C**#*«CR I  TER  I  ON  RASED  ON  A  KNOWLEDGE  OF  THE  APPROXIMATE  AZIMUTH  (TEN  DEGREE 
C*«#«#Toi ERANCF ) .  . . 

»••••»•*«»••••••••••••• ••••«••••••••••••••••••••••••••••••••••••*••••••• 

C*«#*#ThiS  IS  AN  AMBIGUITY  CHOOSING  PROGRAM.  FROM  ALL  POSSIBLE  AMBIGUITIES 
C#«#*#IT  CHOOSES  AND  COUNTS  ALL  AMBIGUITIES  WITHIN  A  SPECIFIED  AZIMUTHAL  SECTOR 
C»***#OF  ARRIVAL.  IT  THEN  PLOTS  THE  NUMBER  OF  AMBIGUITIES  FOUND  WITHIN  THIS 
C#*»«*CFRTAIN  TDl  ERANCE  VS  D/LAMpDA.  ALL  PROGRAM  PARAMETERS  ARE  VARIED 
C**### I NTERN ALl  Y.  EXCEPT  SOME  ALPHANUMERIC  LABELLING  INFORMATION  AND  THE  ACTUAL 
C**##«DOa  UN  2F10.5  FORMAT) 

DIMENSION  i  ABELl(ll) ,LaBEL2(11) »CALPHA(200*16) 

DIMENSION  MAP(15»20).nTHETA(500)#DALPHA(500) 

PI*3.14159?6535B98 
TUp I s2 . *P I 
DEn*ieo./Pi 

SORHaSORTd  .5) 

READ  1  .LA8FL1.LA8EL2 

I  format  < i i a i ) 

read  io.xai pha.xtheta 
10  F0RMATI2H0.5) 

. . . 

C*«#*«SFT  UP  RFJFCTION  CRITERIA  FOR  AMBIGUITIES  BY  ESTABLISHING  MAX  AND  MIN 
C*«***LIMITS  ON  PHI  US,  BASED  ON  APPROX  AZIMUTH  INFO.  (ACTUALLY  APPROX  AZIMUTH 
C#«#*«OFF  FROM  TRUE  AZIMUTH  BY  9  DEGREES)  THE  LIMITS  ARE  CHOSEN  BY  RANGE  ROUTIN 
C*««**ASSUM!nG  APPROX  AZ  IS  OFF  BY  ♦  OR  -  10  DEGREES 
AZ=XALPHA+g.9 

CAI L  RANGE(AZ,0.,FIMX21#FIMN21) 

CALL  RANGE(AZ,120. ,FIMX32,F IMN32) 

Call  RANGE ( AZ.240 . ,FIMX13,FIMN13) 

C*«#**COMPUTE  AMRIGUOUS  INTERF  PHASES  FROM  XAlPHA#  XTHETA 
RXALPH.XALPHA/DEG 
RXTHETsXTHFTA/DEG 
SNTHaSIN(RXTWET) 
lOUlTrp 

C****«INITIA| IZE  MAP  BY  SETTING  KAP(I,J>«0 
DO  11  I N  I  T  =  1 , 11 
DO  11  JN I T=1 , 16 
MAP(IMT,JNlT)sO 

II  CONTINUE 

C****«SET  UF  LOOP  TO  VARY  D/L  AM8C A  FROM  1  TO  6  IN  INCREMENTS  OF  1/3 
Dl  =  ,6666'-^66667 

13  DO  60  NT-.  =1  .16 

IF (  IQL?T)4R, 14,48 

14  DL=DL*. 33333333333333 
TpDL=TUPI*nL 

C**#**USF  ALPHA  TO  DETERMINE  INTERFEROMETER  PHASES  (UNAMBIGUOUS) 
PHI21=TPOL*COS(RXALPH)#SNTH 
PHU3  =  TPni.«C0S(RXALPH-2.«TLPI/3.  )#SNTH 


PM!32  =  TP!)l  #C0S<RXALPH-TUP!/3.  )#SNTH  120 

C*««**REDUCF  PH!  US  BY  MULTIPLES  OP  2  PI  UNTIL  BETWEEN  -  PI  AND  *■  PI 
C  At  L  RF  DlJCF  ( PH  1 21  > 

call  rfducf(phii3> 

CALL  REDUCE  <  PH 1 32 ) 

F T?iMX=rPDl  *F IMX21 
F I21MN  =  TPDl  *E I MN21 
F I32MX=TPpi  *F IMX32 
F I32MN  =  TPD|  #F  IMN32 
F ! 1 3MX  =  TPpi  *E I MX13 
F!i3MNcTPDI  *  E  I M  N 1 3 
DPH 1 21 =PH I 21 «DEG 
DPHll3sPHH3#DEG 
DPHI32=PHI3?#DEG 

IF(TPCL-5.5)21,21.99  i 

99  print  12 

12  F  ORMAT (/////) 

19  PRINT  ?0  ,HL.XALPHA,XTHETA,DPHI2i,DPHIl3,DPH132 

20  F  ORMAT ( 1 ?H  D/LAMBDA  s  , F 7 . 3 . 5X , 10HA 2  I MuT H  *  . F 7 . 2 , 5X , 8HTHETA  =  ,F7.2 
S.2./.37H  AMBIGUOUS  INTERFEROMFTER  PHASES  aRE.,5X.9H  PHI21  •  ,F7.2, 
S5x.9H  PHI13  =  .F7.2.5X.9H  PHI32  *  »F7.2»///> 

21  TPDLH=nPnL**2)*.75 
N=DL+1 

Ms?#N+ j 
JCOUNTsO 

C*#**#&EGIN  VARvjmg  PM  1 21  AND  PH  1 32  BY  ♦  OR  -  2  PI 
DO  40  M23 =1 • M 
N21 *M21-N-i 
TphI21«Ph!?1+TUPI*N21 
DO  40  M3?=1 ,K 

N32*M32-N-i 

TphI32=MH!32*TUPI*N32 

SMSQ=TpHI21*«2+TPHi32**2*TpHI2l*TPHl32 
C*«*#«THR0W  OUT  IF  THF  PROPOSED  COMBINATION  OF  PHI21  AND  PHI32 
OOPS  NOT  YIELD  SIN  THETA  =  OH  LESS  THAN  1 
JFtTPri  H-SMSO ) 40  »  30  »  30 

c***#«lr (PH! 21  AND  PH  1 32  PASS  THIS  TEST  COMPUTE  ALPHA  AND  THETA 

30  AR01=2.*1PHI32*TPHI21 
ARG2  =  1  .  73?f>51  *TPHI21 

A| PHA=ATAN?(ARG1.ARG2) 

STH*SCPT(?.*SMSO)/(TPnL *SORH) 

JCOUNT-JCOl'NT-fl 

Dal  pha  r  j' ncNT j =deg*alpha 

DThETa ( jrnt NT)=DEG*ASlN(STp) 

TpmU3  =  -tPM?1-TPHI32 
IF (FI2lMX-TPHl21)997.980»9e0 

980  lr (TPHI21“FI21MN)997. 981*981 

981  lF(FI32MX-TPHI32)997,982.9e2 

982  lF(TPn3?-f  M2MN)997,983,9e3 

983  lF(FIl3MX-TPHI13>997,984,9e4 

984  lFiTPMrl3-f  1 1 3MN )  997 , 985 , 985 

985  XmaRK=4H 

CAL PHA (J( O'  NT.NDL )=D ALPHA (, COUNT) 

GO  TO  999 

997  CAlPHAUi'Ol  N  f ,  NDL  )  =1 80  .  *X  AL  PH  A 
XhaRK=4H**** 
lF(TPn  -5.5)40,40.999 

999  print  3i..','0unt,N2i,N32.caipha< jcount), dtheta ( jccunt),xmark 

31  F  CRMAT ( 1 5H  AMBIGUITY  NO.  . 14. 3X, 11HPH] 21*2  PI».I3.3X, 

S  11HPU320  PI*.  I3.3X.9H  ALPHA  =  ,  F  7 . 2, 3X ,  SHTHETA  =  , 


/ » 37H 


F7.2. A4) 


40 

continue 

121 

C*«»««SET  up  LOOP  WHICH  VARIES  ERRTOL  PROM  0  TO  ♦  OR  - 
GO  TO  41 

10  DEGREES  OP  XALPHA 

48 

Do  450  ICTel.JCOUNT 

480 

Dai  PHAf ICT)sCALPHA( ICT.NDL) 

41 

ERRTOL ■ .  0  049 

DO  60  l  OOPk1.11 

C*«* 

••COUNT  NUMBER  OP  AMBIGUITIES  THAT  LIE  WITHIN  ♦  OR 
NUMAM  s  0 

DO  49  NL=l.JCOUNT 

IF  ( DAL  PH  A  (ND-X  ALPHA -ERRTOL  >42,42,46 

-  ERRTOL  OP  THE  TRUE  AZ 

42 

IF(DALPHA(N'L)-XALPHA*FRRT0L  >44,43,43 

43 

numam=numah*i 

GO  TO  49 

44 

IF  (XAL PH A ♦FRRTOL -360  . >49,45,45 

45 

IF(XALPHA-^60.-*'ERRTOL-DALPHA(NL)  >49,43.43 

46 

IF( XAL PH A-FRRTOL  >47,47,49 

47 

IF ( X AL PHA  +  360, -ERRTOL -D ALPH A <NL>  >43,43,49 

49 

CONTINUE 

C**###SavE  M)MAM  IN  PROPER  LOCATION  of  MAP  ARRAY 
LP=12-lOOP 
Map ( LP , NDI  )  sNUMAM 

60  ERRTOL=ERRTOL<H. 

C#«***MaP  NCW  CONTAINS  OUTPUT  INFORMATION 
lF(  IQl'tT>69,68,69 

68  PRINT  *59 

59  FORMATdHj  ./////,  104H  (ALL  POSSIBLE  AMBIGUITIES  FOR  THE  GIVEN  REDU 
SCED  SET  CF  INTERFFROMFTER  PHASE  ANGLES  BETWEEN  -PI  AND  PI)  .///) 

69  PRINT  61 .XaLPHA.XTHETA 

61  F ORMAT ( 1H  .////, 108H  CHART  OF  THE  NUMBER  OF  AMBIGUITIES  THAT  FALL 
SWJTHIN  A  CFRTAIN  PROXIMITY  (♦  OR  -  ERROR)  OP  A  GIVEN  AZIMUTH  , 
S///,41X.10haZIMUTH  s  .F7.2.8H  DEGREES , / , 40X , 12H I NC I DENCE  s  ,F7.2, 
S8H  DEGREFS.//) 

DO  62  lsl.il 
KOUNT  =  1 1-1 

6?  Print  63.LaBEL1< I ) ,LABFL2< I ) .KOUNT, (MAP( I ,J) ,j=l,16) 

63  F0RMAT(1H  .A1.2X.A1.4X, 12, 3X. 1616) 

PRINT  64 

64  F ORMAT ( //  .17X.96H  1  .00  1.33  1.67  2.00  2,33  2.67  3.00  3,33 

S  3.67  4. On  4.33  4.67  5.00  5.33  5.67  6.00  , //45X, 19HBASF 

SLINE/WAVFLFNGTH  ) 

!Ff IOLIT  >66.67.66 

67  print  65 

65  FORMAK1H1  .//.4X.100H  (ALL  AMBIGUITIES  THAT  REMAIN  AFTER  CONSIDER! 

$MG  RESTRICTIONS  THE  APPROX  AZIMUTH  PUTS  ON  THE  PFIlJS)  ,/,34X, 

S4ih  (REJECTED  VALUES  ARE  STARRED  ON  LISTING)  ,///) 

IOUlTr? 

GO  TO  13 

66  CONTINUE 
Cai  L  EXH 
End 


*  ,  -  ERROR 
IN  DEGREES 
330.  75. 
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APPENDIX  E 

Tais  appendix  demonstrates  the  apparent  equivalence  of  phase  ambi¬ 
guity  resolution  and  direction  ambiguity  resolution  in  a  small/large 
baseline  interferometer  system,  as  outlined  in  Chapter  V.  The  case  of  a 
signal  arriving  from  directly  overhead  and  an  array  with  a  D/A  value  of 
2  was  chosen.  (See  plot  E-l.)  Various  approximate  directions  of  arrival 
were  chosen.  They  were  defined  in  terms  of  their  Cartesian  coordinates 

on  plot  E-l.  (The  approximate  DOA’s  are  labelled  as  (X  Y  ) 

rr  approx,  approx 

on  the  computer  output  that  follows.)  Next,  the  interferometer  phases 
that  corresponded  to  these  approximate  DOA’s  were  computed.  These 
"approximate"  phases  were  used  to  perform  a  phase  ambiguity  resolution. 
The  phase  ambiguity  resolved  phases  were  then  used  to  compute  the  indi¬ 
cated  (phase  ambiguity  resolved)  DOA.  This  DOA  is  denoted  by  the  point 

(X  Y  ,  )  as  would  be  plotted  on  the  unit  hemispherical  projec- 

pii3S6  ^  pnase 

tion.  (See  plot  E-l.)  Similarly,  a  direction  ambiguity  resolution  was 
performed  using  the  approximate  DOA  information  as  outlined  in  Chapter 
V.  The  results  of  this  process  are  indicated  by  the  point  (X^ir,  Y^  ) 
as  would  be  plotted  on  the  unit  hemispherical  projection. 

It  can  be  seen  from  the  computer  output  that  both  methods  generally 
obtain  identical  results  depending  on  the  location  that  is  "chosen"  as 
the  approximate  DOA.  If  it  is  assumed  that  the  point  (0,  0)  is  the 
actual  DOA,  it  is  evident  that  the  approximate  DOA  must  be  chosen  fairly 
close  to  this  point  for  the  two  processes  to  succeed.  At  times  one 
method  fails  while  the  other  one  succeeds.  This  discrepancy  is  attri¬ 
buted  to  roundoff  error  in  the  digital  computer. 


UNIT  HEMISPHERE  AMBIGUITY  PLOT 
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(-.57,  0) 


AZIMUTH  =  0.00 
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(.288,. 5) 
•  * 


•  •  • 


•  •  • 


(.57,  0) 


•  X*  • 

(.283,  -.5) 


4 - -  *.  -  approximate  DOA's 

X  -  direction  ambiguities 

RRRRT  ANGLE  =  60.00  @-W  D0A 

Figure  E-l.  Location  of  the  Approximate  DOA's  Specified  in  the 
Comparison  Study  of  Appendix  E 
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s  iNp1  r  source  cards 

S  EXECUTE 

S  FORTRAN 

H  Name  rescmpj 

H  EouIP-rARDPE, PRINTS, CARDPUl 

C****#_  C  r  e T Mill  iTP<i  RflTM  PHASE  AND  DIRECTION  AMBIGUITY  RESOLUTION  IN  A 

C*««#*TniS  PpOGRaM  SIMULATES  ™Aac  *  SYRTFM.  IT  USES 

5 . s:r^»;?^Tr?Hr.Sn6sv«5»  THEB^c?Mtr,Spui  p.ra«etE,s 

r.::::^7^TS;s;r  jrri;  •* 

C#«***ThE  SF CON DEPORT  I  ON  PERFORMS  the  PHASE  AND  DIRECTION  AMBIGUITY  RESOLUTION 

C*«*** 

dimension  y(500>»Yf500) 

Pl=3.1  41.5926535898 
TUP  I  =2  *PT 
DEOS180./PI 
SORH  =  SORI  (1  .5) 

SQRT3  =  SQRT<3.  ) 

RFAD  10.  X  ALPHA . XTHETA ,D, XL AM8 
TpnL  =  Tl)P  I  *l’/XLAMB 

RyALPP=XALPHA/DEG 

RXTHETsXTHETA/DFG 

. . SSjrHM^OMTeRHINF  UNAMBIGUOUS  INTERF EBOKtl SR  PRASES 

Pm I21  =  tpih  *C0S(RXALPH)*SNTF 

PHI13  =  TPI)l*C0S(RXAt  PH-P..TIPI/3.  )*SNTH 

PMI32  =  TPHI  *CCS(RXALPH-TUPI/3.  >*SNTH  „  D, 

. . REDUCE  phi  US  BY  MULTIPLES  DF  2  PI  UNTIL  BETWEEN  -  PI  AND  PI 

call  RFriuruPHi?* ) 

Call  RFOum(PHU3) 

CALL  Rfcnnrr(PHU2) 

Dl  =D/Xl  AMR 

DPHI13=DFG*PRU3 

DPHl21=nFG*P*-I21 

DFMl32  =  n(-G#PHl32 

10  FORMATM*  lft.S) 

PRINT  ?0.n.XLAMB»nPH121»EPHl3,DPH13Z  _  H  PHl21 

20  FORMAT, 1?m  BASELINE  =  .F5.1.5X.14H  WAVELENGTH  -  .F5.1.5X.9H  PH121 
S=  .F7.2.5X.9H  PH  1 1 3  »  ,F7,2.5X,9H  Phl32  -  *  /»2) 

?1  format^ //^ah" actual^ direct  ion  of  arrival . sx.iohazimuth  =  . 

sF7 . 2 , ey , i ?h i nci dencf  s  ,n .?.,///) 

T  pnL  =  T  l.P  1  *n/XLAMB 
T PPLH=  ( TPni  •  ^2  >  *  *  75 
NiD/Xt  AMH  +  i 
M=p#N+1 

JCOUNT=0  „  nu  , 

C*«***BFO I N  VARYING  PHI21  AND  PH131  BY  ♦  CR  ”  2  PI 

DO  40  m21  =  1 

N21=M21-N-l 

TpmI21=PhI?1*TUPI*N21 

Dn  40RX2=1.M 

N3?=M32-n-i 

Tph132=Ph|i2*TUP1*N32 

Sm<;Q  =  Tpm  i?'i**2«’4rpwi32**2«'Tf:Hl2l#TPHi32 


_ 


C»«##«ThROW  out  IF  THE  PROPOSED  COMBINATION  Of  PHI21  AND  PHI32  133 

(•••••DO  NOT  YIEID  SIN(THETA)  «  CR  LESS  THAN  1 
lF(TPDLH-SMSQ>40,30,30 

C*«***IF (PHI?1  AND  PHI32  PASS  THIS  TEST  COMPUTE  ALPHA  AND  THETA 

30  AR01«2.*TPhI32*TPHI21 
ARG2«SQRT3*TPHI21 
ALPHA=ATANP( ARGl, ARQ2) 

DaLPHA*D6G*ALPHA 

STH«SCRT(2.*SMS0)/(TPDL*SQRH) 

DTHETA*DEG*ASIN(STH) 

JCOUNTaJCOIlNT+l 

Y( JCOLNT)srOS(ALPHA)*STH*3.5 
X< JC0LNT)=SIN(ALPHA)«STH«3.5 
PRINT  31. Jr0UNT,N21.N32,DALPHA,DTHETA 

31  F ORMAT ( 15H  AMBIGUITY  NO.  , 1 4, 3X . 11HPH 1 21*2  PI«»I3,3X» 

S11HPHI32  +  2  P I •» 1 3 » 3X , 9H  ALPHA  ■  , F7 . 2 , 3X , 8HTHETA  *  ,f'7.2) 

40  CONTINUE 

DO  210  J  =  1 . JCOUNT 

C#*«*«BEGIN  iOOKING  AT  THE  THREE  DIMENSIONAL  DISTANCE  FROM  APPROX  DOA 
C**«**(XaPRCX,  YAPROX)  TO  EACH  AMBIGUOUS  DOA. 

X( J)«X( J)/3.5 
210  Y< J)sY( J)/3.5 

C###*»DE-SCA| F  AROVE  PLOT  DATA  --  REDUCE  TO  UNIT  HEMISPHERE  PLOT 
X  APROXa-  .  6 
PRINT  300 

300  FoRMAT<//1h1.9X.5HXAPRx»10X.3HYAPRX,10X,3HXPH,12X,3HYPH,12X. 
S4HXDIR.11X.4HYDIR/) 

Do  500  ICNT*1,11 

XAPROXrXAPROX^.l 
YAPROXs.6 
DO  500  JCNTsl.ll 
YAPROXrYAPROX-.l 

C*«*#«ComPUTE  phases  from  simplified  hemisphere  projection  EQUATIONS 

( SOLVED  SIMULTANEOUSLY  FCR  PHI32.PHI21. ) 

P3?APX«TUPI*(SQRT3*XAPR0X -YAPROX) 

P?1 APXc2.*TUPI*YAPROX 
C***#*PFRFORM  PH‘SE  AMBIGUITY  RESOLUTION 
Cai L  CHOn(PHl32.P3?APx.UNAM32) 

call  cho'hphi21.p?iapx,unam21  ) 

C*«**«XPH  AND  YPM  are  THF  PHASE  AMBIGUITY  RESOLVED  COORDS  OF  THE  DOA,  AS  PLOTTED 
C***#«ON  THE  HEM • SPHERICAL  PROJECTION  PLOT. 
Xph=(?,#HNaM32*UNAM21)/(2,*SQRT3*TUPI) 

Yph  =  UNAM?l/(2.*TUPI  ) 

DMIN=lnO . 

C*«**«COMPUTF  7  ORDINATE  OF  APPRCX  DOA  ON  UNIT  HEM,  FR  THE  PROJECTION  COORDS  X, 

C*««**Y 

ZapROX  =  S!JRT()  ,-XAPR0X**2-YAPR0X**2> 

DO  420  J=1 .JCOUNT 
ARr«1.-X(J1**2-Y(J)**2 
lF(ARG)405. 405.406 

406  ZZ=SQRT(APO) 

GO  TO  407 

405  ZZ=0. 

407  CONTINUE 

DlST=(x( J)-XAPR0X)**2+( Y< J > -YAPROX > **2* < ZZ-ZAPROX ) *#2 
C*««**ComPUTp  SQUARED  DIST  of  (XAPROX, YAPROX)  TO  EACH  AMBIGUITY,  AND 
C*»***HFNCE  PINO  WHICH  AMBIGUITY  IS  CLOSEST  TO  IT. 

IF <D I ST-nMTN>410, 410.420 
410  DmIN*CIS' 

.'CATCErJ 


*20  continue 

C  *  •  *  *  #  I  c  THl*  CHnSENNASRTHE°TRUpEDOA°SEST  AMS*GUiTY  10  <XAPROX,  YAPROX)  AND 
XPfR*Xf  Jf'ATCM) 

TDfR=Y( JHATCH) 

‘30  FoilllTa2'“Fi5,<^APM'  •’'^•'"“H.XOIR.YDIR 
500  continue 

cail  exit 
End 
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APPENDIX  ? 

This  appendix  ,caled  plots  of  interferometer  phase  variation  under 
wave  interference  conditions.  The  phases  are  plotted  as  a  function  of 

The  plots  are  centered  about  their  average  values  (taken  over  one 
period  of  phase  variation) .  The  interferometer  phases  that  correspond 
to  the  primary  wave  DOA  are  also  displayed  as  PHI21P,  PHI13P,  and 
PHI32P.  The  similarity  of  the  primary  wave  phases  and  the  averaged 
interferometer  phases  should  be  noted. 

The  program  listing  is  included.  All  user  written  subroutines 
called  in  this  program  may  be  found  listed  in  Appendix  M. 
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INPUT  SOURCE  CAROS 
execute 
fortran 
name  intpltj 

E0UIP=CARPRE,PRINTE,CARDPUJ 

S I nGLF  ALL  5 

•this  pgm  pi  ots  ali  three  isosceles 

•UNnER  WAVE  INTERFERENCE  CONDX  AS  A 

•ffrEncp  hftween  the  interfering  waves  cphid).  one  period  of  phase 
•variation  is  plotted,  the  pgm  is  self-scaling,  any  set  of  primary, 

•  SECONDARY,  AND  H  VAi  UFS  CAN  BE  PLOTTED.  INPUT  REQUIRED  CONSISTS  OF  THE 
•PRIMARY  AND  SECONDARY  AZIMUTH  AND  INCIDENCE  ANGLES,  (IN  DEGREES),  THE 

•  ARRAY  ANGLE  (IN  DEGREES),  AND  THE  BASEL  INE/WAVELEI  T  RATIO.  (IN  6F10.5 
•FORMAT. > 


INTERFEROMETER  ARRAY  PHASES 
FUNCTION  OF  THE  RELATIVE  PHASE  DIF- 


C*«** 

10 


20 


21 


30 


DIMENSION  PH21(l50),PHl3(15&>.PH32(l50)»  1BUF(7500),PHID(150> 

Pl=3. 1415926535898 

Tup  I =2 . *p I 

DFG*ieO./Pi 

DO  200  LCNTsl.5 

•ANGLES  OF  ARRIVAL  READ  IN  DFGREES,  h  MUST  BE  BETWEEN  0  AND  1 
READ  lii,  ALp'iP,THETP,  ALPHS,THETS,H,DGAMMA,DL 
F  ORMAT ( 7f  j  n . 3 ) 

Gamma  - ogamma/deg 

PRINT  20.LTNT, ALPHP, ALPHS.THETP,THETS,H 
F CRMAT I j  run  NO.  . I2.//.24H  PRIMARY  MODE  AZIMUTH 
$SFrONCiRy  MODE  AZIMUTH  c  ,F6.2,/,26H  PRIMARY  MODE 
52 , 1 3 X , ?8H  SECONDARY  MODE  INCIDENCE  =  ,F6.2,//,31H 
SONDARY  WAVP  =  ,F  4 . 3 , 4  OH  TIMES  THE  AMPLITUDE  OF  THE 
PRINT  91.  DGAMMA 

FORMAT(//?c?H  ISOSCELES  ARRAY  4NGLE  »  ,F6.2) 

RAL  PHP  =  ALPHP/DEG 

ralphs  =  ai  PhS/DEG 
RTHETP=THETP/DEG 
RTHETS=THETS/DEG 
PRINT  30. Dl 

F ORMAT ( /// , 23H  BASEI  I NE/W AVELENGTH  *  ,F4.2,/) 

CALL  PRTPHI <RALPHP,RTHETP,rL,PHlP21*PHlPl3,PHIP32,  GAMMA) 
call  prtphi (Ralphs. RTHFTS,rL.PKiS2i»PHiSi3,PHiS32,  gamma) 
DP21=CpG*PHIF21 
Ddi3=CFG*Ph I P13 
DP32=nFG*PHlF32 
Phidif=-,os 
SMFI21  =  0 . 

SMFI13=0 . 

SMF 132=0. 


=  ,F6.2,15X,26H  Sc 
INCIDENCE  *  , F  6 , 2, 13X, 28 
amplitude  OF  SEC 

PRIMARY  WAVE) 


DO 

50 

jCNTr 

1.126 

PHI 

DIF 

=  PHI  n 

IF*. 05 

Phi 

D  <  w 

CNT  )  = 

pH I D I F  *5 

.  /TUP 

I 

Xl  = 

ATA 

M2  (  H# 

S 1 N ( PH  I  D 

1  F  )  ,  1 

♦H*COS (PHI 

PH  I 

21  = 

t  TAN2 

(  S i N ( PH  I 

P21  )♦ 

H 

•  S  IN< 

PHID 

sip; 

F •PH  I S 2 1 

)  )  -XI 

CAI 

L  REDUCE 

(PHI21 ) 

C  Ai 

i  r 

U  ^ 

HOS  { 

PH  1 21, PH 

IP21, 

r- 

I2D 

phi 

21  = 

r  121 

phi 

P31 

s  -  PH  I 

P13 

phi 

S3l 

=  -PHI 

S13 

phi 

31  = 

A  T  A  *■ 

2 ( S I N ( PH 

iP31  > 

♦ 

H  «  S  I  N 

(PMD 

PH  I D IF  +  PHIS21), COS (PH  I P21)>H*C03(Pw 


lijgMy  '..-.iTiM - m' 


tit  1 3  mmmm» 


StDlF*PwIS3l ) >-Xi  139 

call  reducecphi31) 

Call  CMOS  (PHI3l.PHlP3l.FI31) 

PMl3lsrI3i 

PH  1 32»PH 1 31 -PHI21 

PH!13s-PHI31 

C*«**#SUM  UP  AIL  INTERF  PHASES  TC  CALCULATE  AV6  INTERF  PHASES. 
SHFI21«SMFI2I+PHI21 
SMF 1 13  *SMF I 1 3+PH 1 13 
SMFlo2sSHFl32fPHi32 
DPHlDFsDEG*PHIDIF 
PM?l(vrNT)=PHI2l 
PHl3(.CNT)2PHU3 
PH32(-CNT )=PHI32 
50  CONTINUE 

AVF!21«SMFI21/126. 

AVFI13=SMFI13/126. 

AVFI32  =  SMF  132/126. 

C#«#*«FlND  HlN'  VALUE  OF  PHASES 
F I?1MN=PH21 (1) 

Ft32MN*PH32(l> 

F I i 3MN  sPHl3 ( 1 ) 

DO  85  L=2 , 1 26 
I F  ( PH21  (1. 5-FI21MN5  60.60.65 
60  F I plMK  =PH?i  ( L  ) 

65  IF(PH3?C.  5-FI32HN570.70.75 

70  FI32MNcPh32(L) 

75  IF { PHI  3  <  L 5-FI 13HN580.80.85 

80  F  H3MNrPH13(L) 

85  CONTINUE 

C****«USF  ThF  MAXIMUM,  MINIMUM,  AND  AVG  PHASE  VALUES  TC  PROPERLY  SCALE  AXES  OF 
C*«***T HF  PLOT. 

F  !2lMXrPH?i (1 ) 

FI32MX=PH3?(1) 

F  H3MX3PH13(15 
DO  115  L=2,126 
I  F(FI21MX-PH21(L  5  5  90.90.95 
90  Fl21MXsPH2i CL) 

95  IF(FI3?MY-pH32(L) 5100,100.105 

100  F  I32MXsPH3?(L 5 

105  IF (FI13MX-PH13(L) 5110,110*115 

no  fii3mx«phit(l) 

115  CONTINUE 

call  plotsc ieuF,7500,ioo.,n. ) 

C*«#**DRAW  PH21  A  XFS 

Call  pi OT(?. ,6. 8. -3) 

I  PNT  =  1 
Go  TO  300 

116  CONTINUE 

C**«**COmPUTF  PH  1 21  SCALE  FACTOR  ON  BASIS  OF  MAX,  AVG,  AND  MIN  PHASE  VALUES 
DF?1MX=F!21MX-AVFI21 
DF21MN*AVFI21-FI21MN 
lF(DF2iMX-nF2lMN 5117, 117,118 

117  DIF21=0F21MN 
GO  TO  119 

118  DIF21=0F21MX 

119  CONTINUE 
SCA21=1 .14/0IF21 

C*****SCALE  AND  PLOT  PH21  VALUES 
N  =  3 


DO  120  I  CNTal , 126  140 

XPH2l*(PH?i  (  I CNT ) -AVP I  23  <>SCA2I 
Call  Pi OT(PHID( ICNT) ,XPN2i,N> 

120  N«2 

Call  SYMBOl  (-.8,1.32, .14,5FPHI21,0.»5) 

XF?1MXsDEG*FI21MX 
XFi3MX*0FG#F!i3MX 
XF32HX*D6G«FI32MX 
XF21MN=DPG#F J21MN 
XFl3M\eOFG*Fi x3MN 
XF32MNsOPG#FI32MN 
DF?lAVeDtG«AVFI21 
DF  j 3AV  =  0(-G«AVF113 
DF32AV  =  0EG*.\VFI32 
SF?1AVsAVF!21«SCA21 
SF21MX=F [?1MX*SCA21-SF21AV 
SF2lMN=F 121 MN»SCA21-SF21AV 

call  numher(-.5,sf2imx, .io,xf21Mx,o.,d 
call  symhoi  (o.,sf2imx. .io,5»c.,-i> 

Call  SY>  ">Ol  (-.8,  .15,  .1.9HAV8  PHl2l,0,,9) 
call  mi  fr<-.5,o.,.io,df2iav,o.#i> 

Call  MJMHPP(-.5,SF21HN, ,10,XF2lMN,0.,l) 

call  symboi  (o.,sf2imn,  .10,5,0. ,-n 

C**»##DRA W  PMT13  AXES 

call  pi  nm. .  ,-2. 67, -3) 

IpnT=2 
Go  TO  300 

125  CONTINUE 

C*»**#COmPUTf  PH  1 13  SCA1  E  FACTOR  BASED  ON  MAX,  AVG,  AND  MIN  PHASE  VALUES. 
DFi3MXrFI13MX-AVFU3 
DFl3MKsAVFtl3-FI13MN 
!F(DFi3MX-nF13MN)l27,127,128 
127  DlF13=nF13^N 
GO  TO  129 

126  DIF13=DF13pX 

129  CONTINUE 
SCa13=1 .14/0iFl3 

C#«*#*SCALE  AND  PLOT  PHI 13  VALUES 
Ns3 

HO  130  I CNT  *1 , 126 
XPH13=(PH13(  !CNT)-aVFH3)«SCA13 
call  plot(phid<icnt),xphi3,n) 

130  M=2 

Cai L  SYMHOi  (-.8,1.32, .14,5FPHI13,0. *5) 

SFl3AVaAVF»l3#SCA13 

SF 1  3MXsF  I  l-<MX*SCAl3-SFj  3AV 

SF 1 3MK rF  I  j  IXMNcSCAl 3-SF 1  3AV 

CAl  L  MIMPFP(-.5,SF13MX.-  =  10  ,  XF13MX  ,  0  • ,  1 ) 

CAl  L  SYMRDi  (0..Sri3MX, .10,5,0. ,-l) 

CAI  L  SYMHOi  (-.8,  .15,  .1.9HAVG  PHU3,0.,9) 

Call  MIMHER(-.5,0., .10,DFl3AV,0.,t) 

CAl.L  NUMRFR(-.5,SF13MN,  .  10  ,  XF13MN,  0  .  ,  1 ) 

C^LL  SYMHOi (0..SF13MN. .10, 5,0. ,-l) 

C*##*»DRAW  FHI32  AXES 

Call  FlOMr,.  .-2.67,-35 
I PNTsJ 
GO  TO  300 
135  CONTINUE 

z** •••compute  p h ■ 3 ?  scai  e  factor  based  on  max,  avg,  and  min  phase  values. 

Dr-»2MX  =  F  I  32MX-AVF  132 


141 

DF32MNsAVF I32-FI32MN 
IF (0F3?MX-nF32MN >137,137, 138 

137  D !F32=PF3?mn 
GO  TO  139 

138  DIF32=DF32mx 

139  CONTINUE 
Sca32=1 . 1 4/D  I F32 

C*»#**Sc ALE  AND  °LOT  PH32  VALUES 
N  =  3 

DO  140  ICNT=1,126 
XPH32=(PH3?< ICNT)-aVFI32)*SCA32 
call  plot t ° m i d ( I  cnt  ) »xpH32,n> 

140  N=2 

Call  SYMBOI  (-.8,1.30, ,i4,5EPHI32.0.»5> 

SF32AV=AVFI32*SCA32 

SF32MX=FI3?MX#SCA32-SF32AV 

SF32MNsFI3?MN#SCA32-SF32AV 

Call  MiMBERt- .5.SF32MX, . 10 , XF32MX , 0 . . 1 ) 

Call  SYMBOi (0 . ,SF32HX, .10 ,5,0 . ,-l> 
call  symboi  <-.a,  .15. .i,9Havg  phI32,o.,9> 

Call  NUMBER (-.5,0., .10,DF32AV,0.,i> 

Call  NUMBER C-. 5, SF32MN, .10,XF32HN,0.,1> 

call  symboi (0.,sf32mn, .10*5,0. ,-l> 
call  plot(-i. 1,6. 6.-3) 

c*»##*print  systfm  parameter  and  wave  INTERFERENCE  INFORMATION 

Call  SYMPOl ( .94,2.00, .l4,35HtNTERF  phases  under  wave  int  condx  , 

50. . 35) 

Call  SYMBOI  (999. ,999. , .14, 11H(VS  PH  I D I F > , 0 . , 11 > 
call  symboi (O. 92,1. 7, .i4,3phpri  az  =  pri  inc  = 

$,n.,3e> 

Call  NuM8FR(2.57»1.7, .14,ALPHP,0.»2> 

Cai L  NUMBER (5,89,1.7, .i4»TbETP»0. ,2) 

Call  symroi  < .92,1.4, .14, 38esec  az  =  sec  inc  =  , 

50 . .  38 ) 

Call  number (2. 57. 1.4, .14, alphs.o. ,2) 

Call  number (5. 89, 1,4, .i4,TeETS,0.,2> 

Call  SYMROI  ( .92,1.1, .14, lOfSEC/PRI  =  , 0  • , 1 0  ) 

call  number <2. 57, 1.1. .i4,h,o.,2> 

Call  SYMBOI (4.25,1.1, .14, 14HARRAY  ANGLE  =  ,0.,14> 

Call  NuMBFP(5.87,l.l, . 1 4 , DO AMMA, 0 . , 1 > 

Call  SvMBOl ( .84, .8, .14.35MINTERF  phases  corresponding  to  the  , 

50. . 35; 

Call  SYMB0L(999.,999., .14.14HPRI  WAVE  ALONE, 0 . ,14  ) 

Call  SYMROI  < .84, .5, .14.35HFHI21P  =  PH113H  =  P, 0 . , 3 

$5) 

Call  SYMROI (999. ,999., .14, 8HH132P  =  *0.,8) 

Cai L  number ( l .87. .5,.14,DP21,C.,2) 

CAI L  NUMBER (3. 92. .5,.l4,DPl3,0.»2> 

Call  NUMBER (5. 92, .5, .14,CP32,0.,2> 

Call  SYMBOI  <2.9, .2, ,14,10HC/LAMBDA  =  »  0  . » 10  ) 

call  numbfr(4.2,.2,.i4,dl,o.*2> 
call  fi ot(9.o,-8.o5,-3> 

200  CONTINUE 
call  exit 

C*»*#*PHJD  AXIS  IMPELLING  ROUTINF  BEGINS  HERE 
300  Call  PLOT{n.,-l.i4,3) 
call  flotio. ,1.14,2) 

CALL  PLOT (5. ,0. ,3) 

Call  pi OT ( n . , 0 . , 2 ) 

r,^L  SYMBOI  {  .15,- .2, .1O.2H0 . . 0. ,2) 

Call  SYMBOL (I .15»-.2».l0,3!-90.,0.,3> 

Call  SYMBOI (1.25.0., .10.5,0. »-i> 

Call  symboi  (2. 35. -.2, .  1  0, 4H80 . . 0 . » 4 ) 

Call  SYMBOI  (2. 5,0. ,.10,5,0. ,-l) 

Call  SYMBOi (5.6,-.2,.10,4H270.,0.,4> 

Cai L  SYMBOI (3.75,0., .10,5,0. ,-l> 

Call  symboi (4.85. -.2, .10,4P360.,0.»4) 

Call  symboi (5., o. . .10, 5. Or, -1) 

Cai l  SyMRO1 (5, 2, -.07, . l 4 . 6PPH1 D I F ,0,,6) 

Go  Tu  fll6.125.l35), IPNT 
End 


INTERF  PHRSES  UNDER  WRVE  INT  CONDX  (VS  PHIDIF) 
PR  I  RZ  =  310.00  PRI  INC  =  20.00 
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INTERF  PHRSES  CORRESPONDING  TO  THE  PRI  HRVE  RLQNE 
PHI21P  =79.14  PHI13P  =  94.32  PHI32P  =-173.46 
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Figure  F-l.  Plots  of  the  -Variation  of  the  Interferometer  Phases  (H  -■  .21 


INTERF  PHRSES  UNDER  WRVE  INT  CONDX  (VS  PHIDIF) 

PRI  RZ  =  310.00  PRI  INC  =  20.00 

SEC  RZ  =  315.00  SEC  INC  =  45.00 

SEC/PRI  =  0.50  RRRRT  RNGLE  =90.0 

INTERF  PHRSES  CORRESPONDING  TO  THE  PRI  WRVE  RLONE 
PHI  2 1 P  =79.14  PHI13P  =  94.32  PHI32P  =-173.46 

D/LRMBDR  =1.00 


PHIDIF 


PHIDIF 


Figure  F-2.  Plots  of  the  $  .-Variation  of  the  Interferometer  Phases  (H  =  .5) 
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JNTERF  PHASES  UNDER  WAVE  I  NT  CONDX  (VS  PHIDIF) 

PRI  AZ  -  310.00  PRI  INC  =  20.00 

SEC  RZ  =  315.00  SEC  INC  =  45.00 

SEC/PR  I  =  0.75  ARRAY  ANGLE  =90.0 

INTERF  PHASES  CORRESPONDING  TO  THE  PRI  WAVE  ALONE 
PHI  2  IP  =79.14  PHI13P  =  94.32  PHI32P  =-173.46 

O/LAMBDA  =1.00 


Figure  F-3.  Plots  of  the  t  -Variation  of  the  Interferometer  Phases  (H  =  .75 
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INTERF  PHASES  UNDER  WAVE  INT  C0NDX  (VS  PHIOIF) 

PRI  A2  =  310.00  PRI  INC  =  20.00 

SEC  AZ  =  315.00  SEC  INC  =  30.00 

SEC/PRI  =  0.50  ARRAY  ANGLE  =90.0 

INTERF  PHASES  CORRESPONDING  TO  THE  PRI  WAVE  ALONE 
PHI  2 1 P  =79.14  PHI13P  =  94.32  PHI32P  =-173.46 

O/LRMBDR  =1.00 


PHI  13 


PHIDIF 


PH  I  DIF 


Figure  F-4.  Plots  of  the  $ .-Variation  of  the  Interferometer  Phases  (0  =  30°) 
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INTERF  PHASES  UNDER  WAVE  INT  CONDX  (VS  PHIDIF) 

PRI  AZ  =  310.00  PRI  INC  =  20.00 

SEC  AZ  =  315.00  SEC  INC  =  60.00 

SEC/PR  I  =  0.50  ARRAY  RNGLE  =90.0 

INTERF  PHASES  CORRESPONDING  TO  THE  PRI  WAVE  ALONE 
PHI  21 P  =  79.  14  PHI  1 3P  =  94.32  PHI32P  =-173.46 

D/LAMBDA  =1.00 


PHI  13 


PHIDIF 


PHIDIF 


PH  1 32 


Figure  F-5.  Plots  of  the  <}>  .-Variation  of  the  Interferometer  Phases  (0  =  60°) 
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This  appendix  contains  plots  that  demonstrate  the  fluctuation  of 
indicated  DOA  by  an  interferometer  under  ^-variant  wave  interference 
conditions.  The  plots  are  discussed  in  Chapter  VII. 

A  listing  of  the  plotting  program  follows.  All  user-written  sub¬ 
routines  are  listed  in  Appendix  G  except  MUG2DR,  which  is  a  general  pur¬ 
pose,  self  scaling  polar  plotting  subroutine  written  by  Bill  Little.  1 
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S  INPUT  SOURCE  CARDS 

S  EXECUTE 

$  fortran 

n  name  winter; 

h  EouIP=CARDREfPRINTE»CARDPUl 

H  sinQleall: 

C*»***TwtS  IS  A  GENERAL  ISOSCELES  INTERFEROMETER  ARRAY  WAVE  INTERFERENCE 
C.*****S  I  mULA  T I  ON  PROGRAM.  IT  PLCTS  THE  DOA  TRAJECTORY  VS.  PHID,  THE  RELATIVE 
C#«*#*PmaSE  D I f  Ff-RENCE  BETWEEN  TWO  INTERFERING  WAVES,  AS  IT  IS  VARIED  IN  32 
C***»*lNCREMFNTS  FROM  0  TO  360  DEGREES.  INPUT  DATA  CONSISTS  OF  THE  PRIMARY  AND 
C**««*SECONCARY  AZIMUTH  AND  INCIDENCE  ANGLES  (IN  DEGREES),  THE  RELATIVE  AMP. 
C*****H,  AND  THF  ARRAY  ANGLE  (IN  DEGREES).  (6F10.5  FORMAT.) 

dimension  icon<20> ,pram(20), azang<200  ) , theta ( 20 o ) , 1 eur ( 750 0 ) 

Cai L  FlOTS< IBUF,7500,100.,11.5) 

C*««*#INITIAL I7E  PARAMETER  maTRIx  USED  BY  SUBROUTINE  MUG2DR 
Do  1  1=1.20 
Icon ( 1  )  =  u 
1  PR AM (  I  )  =  0 

PI=3. 141(5926535898 

Tup  I =2 . *p I 

PRaM  < 1 8  )  =  1 

PR  aM ( 1 9 )  =  0 

DEGslPO./PI 

ICON(1a)=1 

I  CON ( 1 9 )  =  0 

DO  70  I CNT=1.2 

C*«**«AnGLE?  Ol  ARRIVAL  RFAO  IN  TEGREES,  H  MUST  BE  BETWEEN  0  AND  1 
RfaD  io.ai chp.thEtp. alphs.thets.h.dgamma 
10  Format ( 6  f 1 n . 3 ) 

GAMMArDGAMP A/DEG 

print  ?o.i  cnt.alphp. ai.phs,thetp,thets,h 

20  FORMAT ( 9Hi cun  NO.  ,I2»//»24H  primary  MODE  azimuth  =  ,F6.2,15X,26H  sk 
SSFCONTARY  mode  AZIMUTH  =  , F  6 . 2 , / , 26H  PRIMARY  MODE  INCIDENCE  =  .►6.2,13X,28 
S2.13X.28H  ppHONDAR Y  MOPE  INCIDENCE  *  ,F6.2,//»31H  AMPLITUDE  OF  SEC. 

SONDARY  WAVR  =  » F  4 , 3 » 40H  TIMES  THE  AMPLITUDE  OF  THE  PRIMARY  WAVE) 

print  ?t,  pgamma 

21  FOPMAT(//2^H  ISOSHFI  ES  ARRAY  angle  5  »  F  6 . 2 ) 

PaI  PHP  =  Ai  PHP/DEG 

RalPHS=ai phs/deg 
RThETP:ThPtP/DEG 
RTHETS=THFTS/DEG 
Dl  =  0. 

N'CNT  =  -32 
do  51  I  C N T  =  1 • 2 

NCNT=NCNI +32 

C*«**«FIRST  RIJN  thru  WAVE  INT  SIMULATION  PGM  DL=.5,  SECONi)  RUN  THRU,  DL=  1. 

Dl =DL+  .  5 
print  30. m 

30  FORMAT!///. 23H  BASEL INF/W/ VELENGTH  =  ,F4.2,/) 

C*««**ComPUTF  HR'  AND  SFC  WAVE  INTERFEROMETER  PHASE  CONTRIBUTIONS 
Cai L  PPTPHi (RALPHP.RTHFTP.DL ,PHIP21,PHIP13,PHIP32,  GAMMA) 

CAI  L  FPTPH-  (RALPHS,  RTHFTS,ri.,PHlS21.  PHI  S13, PHI  S32.  GAMMA) 

PHlDIFs-.? 

T  SUM  =  0 . 

ASUM  =  0  . 

Smf  121  =  0. 

SMF  1 1 3  =  0 • 


SMFI32»0.  149 

DO  30  JCNT  =  1 »  32 

PH!DIF8PHinlF*.2 

C***#«COHPUTf  RESULTANT  INTERFEROMETER  PHASE  PH  1 21  AS  DISCUSSED  IN  CHAPTER  VII, 
XlsATAM2(H#SIN(PHlDIF) ,1.*P*C0S(PHIDIF)) 

PHI21=aTAN?(SIN(PHIP21>*H*STNC  PH  I D IF*PH I S21 > . COS (PH  I P21 ) +H*COS ( Pw 
S I D I F ♦PH  I S?1  )  )-Xl 

C*«***PUT  PH  1 21  WITHIN  RRANCH  CUT  OF  -180  TO  180  DEGREES 

call  reduce(phi21) 

C**«**NOW  FIND  ACTUAL ,  UNAMBlGUOLS  VALUE  OF  PHI21.  KNOWING  IT  MUST  LIE 
C*«#**W  T  TH I N  180  DEGREES  OF  PHI2jP.  (SEE  CHAPTER  VII.) 

Cai L  CMOS  (P HI21.PHIP21 #FI21) 

PH  1 2 1  =  F I ?l 
PH  I P31 a-pH I  PI  3 
PH  I S31 =-PH ! SI  3 

C#«***RfpEAT  AVOVE  PROCESS  FOR  PH13. 

PH  1 31=  ATAV2(SIN(PHIP31 ) ♦H*S I N ( PH ] DIF+PHIS31) ,C0S(PH1P31WH*C0S(Ph 
SlDlF*PHIS3l  ) ) -XI 

cai  l  reduce < p h i 3 i  > 

Call  CMOS  (PHI3liPHIP3l»FI31) 

PH  I  31  =  F I  31 

PHJ32=PHI3l-PHI21 

PHT13=-PHI31 

C#****SUM  UP  ALL  INTERF  PHASES  Tc  CALCULATE  AVG  INTERF  PHASES. 

SwF 1 21 *SMF ) 21+PHI 21 
SmFI13  =  SMF  ll3fPHI13 
SHrI32=SMri32*PHl32 
DPhIDF=DEG*PhIDIF 

call  r  ir<phI2i,ph 132. dl  » gamma, az.vimcj 

. . A 7  AVGING  ASSUMES  NO  WRAP  AROUND  FROM  360.  TO  0,  DEGREES 

C*«**#ThaT  is.  branch  CUT  CHOSEN  IS  0  to  360  degrees. 

ASUMcAZ+ASIIM 

TSUM=VtN(>TSUM 

print  ao.dphidf, az.vinc 

AO  F ORMAT ( 1 7 H  REL  phase  D I F  =  ,F6.2,5X,20H  INFERRED  AZIMUTH  =  ,F6.2,5X,22 
SX.?2H  INfRPRED  INCIDENCE  =  ,F6.2> 

McNT  =  NrN7*.'CNT 
A7ANG(MCNT)=AZ 
THETA(MCNT)=VINC 

50  CONTINUE 
C*****COMPUTF  a  VC  DOA 

ThaVQ=TSUM/32. 

AZAVG=ASUM/3?. 

PRINT  non. aZAVG.THAVG 

500  F  ORMAT  < //i nH  AVG  AZIMUTH  =  , F5 . 2 , 30X , 1 7H  AVG  INCIDENCE  =  ,F5.2/> 

AVF  121 =SMF i 21/32 . 

AVF I lJs^^F  !  13/32 . 

AVFI3?rSMFi3?/32. 

C*«**«CalCUL ATL  CO  A  FROM  A VGp  PHASE  READINGS 

CAI  L  riPiAvFl21,AVFI3?.DL»PAMMA»AVZ<AVI) 

PRINT  501 . aVZ.AVI 

501  F ORMAT ( /35h  AZIMUTH  FROM  AVGD  INTERF  PHASES  *  , F5 . 2, 1QX , 37H  INCIDh 
SNCF  FROM  AVGD  INTERF  PHASES  =  ,F5.2/> 

THFTA(MCNT-31 )=-THETA(MCNT-3D 

51  CONTINUE 

A7 ANG ( 65  >  =  aLPHP 
ThFTA(a5)=-TheTP 
AZANG(f6)=ALPHP 
ThFTA(66>=THETP 
N  =  66 


o  o 


c 


60 

C* 
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•lKllTUtlZB  PLOT  PARAMETERS  USED  BY  BILL  LITTLE  S  POLAR  PLOT  ROUTINE 
I  CON ( 1 ) =1 
I  CON ( 1 0  )  =1 

I  con  c  a  a  )=i 
ICON(20)=2 
ICON(l ) *3 

•MUn2DR  CiLiS  MUG2  BOTH  POLAR  PLOT  ROUTINES  WERE  WRITTEN  By  BILL  LITTLE 
*<SBE  REFERENCE  NO.  27) 

CAI  L  W|iG?n«(  A2ANG.  THETA. N.FRAM,  ICON) 

CONTINiiF 

call  pi  ot<-7. 75, .75,-3) 

•PRINT  PY^TFM  PARAMETERS  ANC  WAVE  INTERFERENCE  INFORMATION. 

^CaiL  SYMHOI  (t  .,2.  , .14.35HDCA  FOR  WAVE  I  NT  CONDX  WITH  VARY  ING, 0 , , 35 

Call  SYMHOI (999. .999. , .14, 10H  REL  PHASE, 0. #10) 

call  symhoi  (0.92,1.5, .i4,3phpri  az  =  pri  inc  * 

S ,  3  • ,36) 

Call  NUMHFR(2.57,1.5, .14, ALPHP.0.,2) 

CAI L  MIMHFR(5.89,1.5, .14, ThETP.O .  ,2> 

CALL  Symhoi  (0.92.1 ., .14, 38HSEC  AZ  =  SEC  INC  =  , 

SO.  ,38) 

Call  number (?. 57,1.0, .i4,alphs,o.,2) 

Cai  L  MIMPFR(5.89,1.0, . 14, ThETS , 0 . , 2 > 

CAI  L  SYMROl  (2.73, .5, .14.10PSEC/PRI  a  ,0.,10) 

Call  MJMHER(4.,.5..14,H,0.,2) 

CALL  Symhoi  (2.5,0., .14, 14HARRAY  ANGLE  =  ,0.»14) 

Call  NUMHFfi(4.25.0. , .14.DGAMMA,0.,1) 

Cai  l  Pi  OT (7, 75, -.75,-3) 

CONTINUE 
Call  pxP 
tNn 
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RRRRY  RNGLE  =  90.0 

Figure  G-l.  Plots  of  the  <j>  .-Variation  of  the  Indicated  DOA  (6=2 


P0LRR  PLOT  0F  DIRECTION  OF  RRRIVRL 


DOR  FOR  WAVE  I  NT  CONOX  WITH  VARYING  REL  PHRSE 


PRI  HZ  =  310.00  PRI  INC  =  20.0 


SEC  RZ  =  315.00  SEC  INC  =  30.0 


SEC/PRI  =  0.50 


RRRRY  ANGLE  =  90.0 

Figure  G-2.  Plots  of  the  <}>  .-Variation  of  the  Indicated  DOA  (6  =  3( 


i 


P0LRR  PLOT  OF  DIRECTION  OF  RRRIVRL 


DOR  FOR  WRVE  INT  C0NDX  WITH  VRRTING  REL 
PRI  RZ  =  310. DC  PRI  INC  = 

SEC  RZ  =  315.00  SEC  INC  = 

•  SEC/PRI  =  0  50 


PHRSE 

20.01 

45.01 


RRRRT  PNGLE  =  90.0 

Figure  G-3.  Plots  of  the  $ , -Variation  of  the  Indicated  DOA  (0  =  45 


P0LRR  PLOT  OF  DIRECTION  OF  RRRIVRL 


DQR  FOR  WAVE  INT  CONDX  WITH  VARYING-  REL  PHASE 


PHI  AZ  =  310.00  PRI  INC  =  20.0 


SEC  AZ  =  315.00  SEC  INC  =  45.0 


SEC/PR I  =  0.25 


ARRAY  ANGLE  =  90.0 


.re  ->4.  Plots  of  the  (^-Variation  of  the  Indicated  DOA  (H  =  . 


POLAR  PLOT  OF  DIRECTION  OF  ARRIVRL 


DOR  FOR  WRVE  INT  CONDX  WITH  VRRYING-  REL 
PRI  RZ  =  310.00  PRI  INC  = 

SEC  RZ  =  315.00  SEC  INC  = 

SEC/PR  I  =  0.50 
RRRRT  RNGLE  =  6C.0 


PHRSE 

20.00 

45.00 


Figure  G-6.  Plots  of  the  ^-Variation  of  the  Indicated  DOA  (H  -  .50) 


POLAR  PLOT  OF  DIRECTION  OF  RRRIVAL 


O0R  FOR  WOVE  I  NT  CONDX  WITH  VRRYING  PEL  PHRSE 
PRI  RZ  =  310.00  PRI  INC  =  20.00 

SEC  RZ  =  315.00  SEC  INC  =  145.00 

SEC/PRI  =  0.50 
RRRRT  RNGLE  =  45.0 

Figure  G-7.  Plots  of  the  (^-Variation  of  the  Indicated  DOA  (y  =  45°) 


P0LRR  PLOT  0F  DIRECTION  0F  RRRIVRL 


D0p  FOR  WAVE  I  NT  C0NDX  WITH  VARYING  REL 
PRI  AZ  --=  310.00  PRI  INC  = 

SEC  AZ  =  315.00  SEC  INC  = 

SEC/PRI  =  0.50 


PHASE 

20.00 

45.00 


ARRAY  ANGLE  =  25.0 

Figure  G-8.  Plots  of  the  $  -Variation  of  the  Indicated  DOA  (y  =  25°) 


POLAR  PLOT  OF  DIRECTION  OP  ARRIVAL 


DOR  FOR  WRVE  INT  CONOX  HITH  VRRYING-  REL 
PRI  RZ  =  310.00  PRI  INC  = 

SEC  RZ  =  315.00  SEC  INC  = 

SEC/PRI  =  0.50 


PHRSE 
20.01 
45. 01 


RRRRT  RNGLE  =  5.0 

Figure  G-9.  Plots  of  the  -Variation  of  the  Indicated  DOA  (y  =  5 
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APPENDIX  H 

This  appendix  contains  a  comparison  of  two  different  approaches  to 
phase  ambiguity  resolution  in  a  large/small  baseline  interferometer  system 
under  wave  interference  conditions.  (See  Chapter  VII.) 

The  program  listing  follows.  All  user-written  subroutines  called 
are  listed  in  Appendix  M. 


$  INPUT  SOURCF  CARDS  101 

S  EXECUTE 

s  fortran 

h  Name  mthchk; 

H  Equ!P=CAR0RE, PRINTS, CARDPU) 

H  SINGLEaLI i 

c*«*#<* 

C*«***TH?S  PROGRAM  compares  the  instantaneous  phase  ambiguity  resolution  method 
C***#*AND  THp  A VO  phase  resolution  in  a  small/large  baseline  interferometer 
C*«***SyrTEm  .  (REE  chapter  Vll.)  AlL  ANGLES  ARE  IN  DEGREES.  THE  INPUT  DATA 
C*****RpOU I  RED  ARE  THE  PRIMARY  Ah  D  SECONDARY  AZIMUTH  AND  INCIDENCE  ANGLES 
C*****<!N  DEGRHFS).  H,  THE  ARRAY  ANGLE  (IN  DEGREES),  AND  THE  SMALL  AND  LARGE 
C*«*»*BacELInF  I.FNGTHS.RESPFCTI  VFLY,  ( IN  METERS).  ( 8F 1 0 , 3  FORMAT.) 

C*«  »** 

dimension  phismuo,?)  .philg (40, 2) , res ( 40,2) ,dphi  (40 ) 

Pl=3. 1415926535898 
Tup  1 =2  .  *P I 
XINCsTiiPI /T6. 

DEG»ien./PI 
DO  85  1 CNT  =  1, 2 

C*«*#*ANGLES  OL  ARRIVAL  RFAO  IN  DEGREES,  h  MUST  BE  BETWEEN  0  AND  1 

read  io,ai. php,thetp, alphs , thets,h, dgamma , cls, dll 

10  F  ORMAT (flF 10.3) 

GAMMA=nGAMMA/DEG 
PRINT  15. LTNT, DGAMMA 

15  F0RMAT(9H1RUN  NO.  ,I2,16X,?5H  ISOSCELES  ARRAY  ANGLE  =  ,F6.2) 

PRINT  ?O.AI PHP. ALPHS, THETP.THFTS.H 

20  F ORMAT (  /.24H  PRIMARY  MODE  AZIMUTH  =  , F6 . 2 , 15X , 26H 

SSECONCaRY  MODE  AZIMUTH  s  ,F6.2,/,26H  PRIMARY  MODE  INCIDENCE  =  ,F6. 
S2.l3X.28H  SECONDARY  MODE  INCIDENCE  *  ,F6.2,//,3lH  AMPLITUDE  OF  SEC 
SONDARY  WAVH  =  . F4 , 3 » 40H  TIMES  THE  AMPLITUDE  OF  THE  PRIMARY  WAVE) 

RALPHPcAl pmp/DEG 
RAl PHS=AI  PmS/DEG 
RTHETP=Thptp/DEG 
RTHETS=ThftS/DEG 
Dl=DLS 

C*«***ThiS  sfctitn  OF  PROGRAM  IS  IDENTICAL  to  The  wave  interference  simulation 
C#«***ProCRam  OF  appendix  G.  THIS  PGM  IS  RUN  THROUGH  TWICE,  ONCE  FOR  T ->E 
C*«***SM ALL  PASF.  1NE  ARRAY  AND  ONCE  FOR  THE  LARGE  b ASEL I NP  ARRAY, 

Do  54  I CNT  =  1,2 

CaU  FRTHHI (RALPHP.RTHETP.CL ,PHIP21.PHIP13»PH1P32,  GAMMA) 

Call  PPTPHI (RALPHS, RTHFTS, cl ,PHIS?1,PHIS13»PHIS32,  GAMMA) 

PHIDIF  =  -XH'C 
SMF  121=0  . 

SMF  113  =  0  . 

SMF  132  =  0. 

DO  50  jCNTst.36 
PHIDIFsPH]  f’lF^xINC 

XlaATAM2(H*SIN(PHIl)IF  )  ,1  .♦H*C0S(PH1DIF)  ) 

Phi21=aTAN?(SIN(PH!P21)>H*SIN(  PHI DIFfPHlS21),C0S(PHIP2l)fH*C0S(P>- 
$ l n I f*fm i S21 ) ) -xi 
call  red'icf(phI21) 

Call  CwOS  (PHI21.PH1P21.FI21) 

Pm  1 2 1  =  r  I  ?i 
PH  I P3l =-PH  i  Pi  3 
PH  I S3l =-PH  !  S13 

PH  I  31=  AT  AN'2(SIN(PHIP31  )  ♦  H.S  I  N  (  PH  I  D  I  F-fPH  I  S3l  )  .  COS  (  PH  I P31 )  +H*C0S  (  PH 
$  I P [ F  +  Pm ! S3i  )  )-Xl 
Lai  l  ffdopf ( PH  1 31 > 


r 


call  chos  (phi3i.phip3i.fi3D 

PH  1 31  =  F  I 31 
PHI32  =  PH! 31 -PHI  21 
PH  1 13s -PH  !  31 

C*«**#SUH  UP  ALL  INTERF  PHASES  TC  CALCULATE  AVG  INTERF  PHASES. 
SMFl2l«SMFI2t*PHl21 
SHFU3  =  SMFii3*PHIl3 
SMFI32=SMFI32+PH132 
DPH I („ONT)=DEG*PHIDIF 
IF ( ICNT-1, 5)45.45, 46 

45  PHISM(JCNT.1)*PHI21 
PHISM( JCNT.2>sPHI32 
GO  TO  50 

46  PHILG< JCNT.1)=PHI21 
PHILGC JCNT,2)*PHI32 

50  CONTINUE 

AVFI21 =  S*F 121/36. 

AVFI3?=SMFi32/36. 

IF!  ICNT-1 .5)52,52,53 

52  AVSM21cAVF 121 
AVSM32cAVFI32 
DL=DLL 

GO  TO  54 

53  AVLG21  =  A  VF 1 2 1 
AvlG3?  =  A\'FI32 

54  CONTINUE 

^••••PERFORM  INST  PHASE  AMRlGl'lTY  RESOLUTION 
SMRES1=0 • 

SMRES2  r  0 . 

DRAT  =  n  L/ni  S 
DO  60  TCT=i ,36 

C*****REDUCF  TE  ACTUAL  INTERF  PHASES  TO  LIE  WlTHlN  THE  PRINCIPLE  BRANCH  OF 
C**#**-ia0.  TO  ]«0.  DEGREES,  AS  WOULD  BE  MEASURFD 
Cai  L  REOUCF(PHILG< I CT , t ) ) 
c  A I  L  RFDl'CE(PHILG(  I  CT  ,  ?  )  ) 

c*«***computf  approx,  large  array  phases  frm  small  array  phases. 

XlrPHlSMf  ITT  •  1 )  *DRAT 
X?  =  PHISM(  lrT.2>*DRAT 

C*«***Ann  ♦  OR  -  360.  DFGREFS  to  the  reduced  instantaneous  phases 
c**#**until  th'-v  lie  within  a  so  tfgrees  of  the  approx,  phases  indicated 

C***«#8y  THE  SMAI  L  ARRAY.  THUS  AFFECTING  INSTANTANEOUS  AMBIGUITY  RESOLUTION. 
CAI  L  CHOS<phILG(ICT,1),X1,RESUCT,1>) 

Call  CM0S(PHILG(  ICT.2)  ,X2,RESUCT,2>  ) 

SMRESl=SMRFSl+RFS( I CT ,  1  ) 

SmrES?=SMRpS2+RFS( ICT,?) 

60  CONTINUE 

AVRESl  =SMRi;Sl/36 . 

AVPES?=SHRFS2/36. 

PRINT  69 

69  f  ORH AT  ( 1 1J1  ) 

PRINT  70 

70  FORMAT!  / , PO ( 1H« ) / , 22X . 37H I NST ANT ANEOUS  PHASE  RESOLUTION  METHOD,/, 
S60(1H«) ) 

PRINT  71. D: S »  DLL 

71  FORMAT<  /  ,  SX  »  69HPHASE  D I F  SMALL  ARRAY  PHASES  LARGE  ARRAY  PHA 

$SFS  RESULTS  /64X.10H1NST  PHASE, /.22X.5H  D/L = , F5 . 2 , 11 X , 

$5h  D/L=,T5.2.11X,9HAMRIGUITY  / , 64 X , 1 OHRESOLU T I CN  ) 

print  72 

7?  FORMAT!  21X.12HPHI21  PH  I  3 2 , 9X . 1 2HPH ! 21  PH  I  32 , BX , 12HPH 1 21  PHI32 

S> 
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DO  720  J  =  1 , 36 
PS1*PMSM(  J,1)*DEG 
PS2»Pt*  !SM(  j,2)«DEG 
PL1«Pt-!LG(j,l)#DEG 
PL?«PHILG( J,2)*DEG 
Pl»RES( J,1 )*DEG 
R2=RESf J.2)#nEG 

720  PRINT  73.DPHI (J),PS1,PS2,PL1»PL2»R1*R2 

73  f 0pMAT(7X.f5.2.9X,F5.2,2X,F5.2,9X,F5.2,2X,F5.2,8X,F5.2.2X,F5.2> 
DaVS1=DEG*aV°M21 
DAVS2=DE«*AVSM32 
DaVL1=PEG*aVLG21 
DavL2=DEG«aVIG32 
DavR1=DEG*aVRES1 
DAyR2=nEG*AVRES2 
PRINT  730 

730  FORMAT(80(1H-)  ) 

PRINT  74.PaVS1»DAVS2iDaVL1iDAVL2*DAVR1*DAVR2 

7 4  FORMAT ( 1 3  H  AVGED  PHASES.8X.F5.2»2X,F5.2,9X#F5.2,2X,F5,2.8X,F5.2, 

S2X.F5.2) 

Cu«##*COMPUTE  INTIOATED  DOA  FOR  INST  METHOD 

call  riR< avresi.avrfs?,dl,pamma, azinst.xinst) 
print  75. a71nst,xinst 

75  FORMAT!/. 50H  DOA  OBTAINED  FRM  AVGED  INST  PHASES . AZIMUTH  *  , 

SF5.2.11H . INC  =  ,F5.2> 

C***#*PERFOEM  AVERAGE  PHASE  AMBIGUITY  RESOLUTION 

c*«*#*: -nucE  the  actual  avg  interf  phases  to  lie  within  the  principle  branch  of 

C#«***-,R0  TO  180  DEGREES.  AS  THEY  WOULD  BE  MEASURED  (AFTER  A  SIMILAR 

C*****SaT!SFaC‘ORY  BRANCH  CUT  WERE  MADE). 

Call  RhOI'OM  AVLG21 ) 

Call  RFDUCM  AVLG32) 

C*»«*«COmPUTF  nPPRGX  LARGE  INTERF  PHASES  PROM  SMALL  INTERS  PHASES 
X3SAVSM?1 *  n  R  a  T 
X4=AVSM3?*DRAT 

C#«***PFRFOFM  AVG  PHASE  RESOLUTICN  BY  ADDING  ♦  CR  -  360.  DtGREES  TO  THE 

C*««**LapGE  aR*i»*  PHASES  UNTIL  TFEY  ARE  WITHIN  180  DEGREES  OF  THE  ALPRQX  PHASES 
Cai L  CH0S<avlG21.X3.Fi?1) 

Call  CH0S(aVLG32.X4.FI32) 

C**»**COMPUTF  DOA  INDICATED  BY  TFE  AVG  RESOLUTICN  ME1HCD 
Cai  L  T  T  R  <  F  T  27  , F  I  3? , DL , G AMM A . AZAVG , A VG I NC ) 
print  77 

77  F  ORMAT  (  80(1H«)  ,25X,/,2?X,28H  AVG  PHASE  RESOLUTION  METHOD/SOU* 

S*  )  ) 

DFI21*PEG#FI21 
Of  1 32  =  DEG*F 132 
PRINT  80  »  Dr I  21 »  DF I  32 

00  FORMAT!  /  74H  PHASE  AMBIGUITY  RESOLVED  PHASES  (USING  AVGD  LARGE  AN 
SD  RMAU  ARRAY  PHASES)  , / , 15X , 8HPH I  21  *  , F7 . 2 , 6X , 8HPH I  32  s  »F7.2) 

PRINT  ft?, A7AVG.AVGINC 

62  FORMAT(.  ,5riH  DOA  OBTAINED  FRM  THESE  PHASES . AZIMUTH  =  , 

SF  5 . 2  » 1  ^  H . INC  =  ,F5.2> 

85  COnTI^-  F 


CALL  FX IT 

end 


Table  H<-1.  A  Case  in  Which  Both  the  Instantaneous  and  Average  Phase 
Resolution  Methods  Field  Correct  Results 
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RUN  NO. 


ISOSHEIES  ARRAY  ANGIE  =  90.00 


primary  mope  a-mmuth  =  7io.no  secondary  mode  azimuth  =  315.00 

primary  Mone  INCIDENCE  =  ?p.00  SECONDARY  MODE  INCIDENCE  =  45.00 


amplitjpc  of  secondary  wave  =  0.5s  times  the  amplitide  of  the  primary  wave 


I  Nf-T  ANT  A  ME  01 1 S  PHASE  RESOLUTION  METHOD 


*******#**e*t*e*«#*#OB«»t*#*«#*«****flt.^4 


PHASE  PIF 

Small  aREay  peaSeS 

large  ARRAY 

PHASES 

D/L  =  0.10 

D/L  =  1. 

00 

RESULTS 
INST  PHASE 
AMBIGUITY 
RESCLUT I  UN 


n .  00 
in.no 
?n .  no 
3n.no 
An .  on 
;n .  no 
6n.no 

7n  .no 
?n .  op 
9n  .no 

I  no  .  0 

II  n .  n 
190.0 
13  0.0 

1  an .  n 
1  Rn  .  0 
1  an .  n 
I7n .  n 

1  «n .  n 
ion .  0 
?  n  0 .  C 
?i  0.0 

?9  0 . 0 
?3n .  n 
9  a  n .  0 
9An .  o 
Pap .  o 
97  0 .  p 
PRO  •  P 
?O0  .  P 
3np .  r 

31 0 .  p 
39  n ,  n 

370  .  p 
3a  0 . 0 
3sn .  n 


AVGEO  3UbOFS 
doa  08TMNFI)  .RK 


PEI?' 

PH  I  3? 

9 .93 

-21 .  P 

9.90 

-21.  n 

9 .84 

-20.o 

9.74 

-20  .  e 

9.6? 

-20.  a 

9.a5 

-20.3 

9  .  ?4 

-19.0 

S  .09 

-19 .  c 

6 .68 

-19.  r 

e  .33 

-18.7 

7.89 

-17.6 

7  ,  a  Q 

-16.7 

6.86 

-15.0 

6  .  ?9 

-14.7 

5.7? 

-13.7 

5  .  ?0 

-12.7 

4.81 

-31.0 

4.59 

-11.7 

4.59 

-11 . 1 

4.81 

-11.4 

5  .  ?1 

- 12  .  r 

5  .  /? 

-12. A 

6  .  ?9 

-13.8 

6.86 

-14.0 

7.40 

-15.o 

7.69 

-I6.0 

8.32 

-17.7 

8.68 

-18.4 

8.99 

-19.  n 

9  .  ?4 

-19.6 

9.45 

-20  .  r 

9.62 

-20.3 

9.74 

-?0 .6 

9.84 

-20. A 

9.90 

-20.9 

9.93 

-21.  p 

7.oi 

-17.3 

AVGFC  INST  PHASFS 


PH  1  ?1 

PE  1  32 

93.59 

158.3 

91.53 

159.3 

89.01 

161.0 

86.02 

163.5 

82.54 

166.8 

78.63 

170.7 

74.38 

175.5 

69.95 

-179  . 

65.58 

-174  . 

61.54 

-169  . 

58.09 

-163  . 

55.47 

-159  . 

53.84 

-155  . 

53.33 

-152. 

53.94 

-149. 

55.65 

-147. 

58.35 

-146  . 

61.86 

-145  . 

65.95 

-146  . 

70.33 

-146  • 

74.75 

-148 

78.96 

-15 

82.86 

-15c . 

86.29 

-157  . 

89.25 

-161  . 

91.73 

-166  . 

93.75 

-171  . 

95.35 

-177. 

96.55 

177.7 

97.38 

172.9 

97.87 

168.6 

98.02 

165.0 

97.84 

162.1 

97.32 

160.0 

96.46 

158.7 

95.23 

158.1 

79.15 

-1?3  . 

A7IMUTH 

=  310.1 

PEI21 

PH  1  32 

93.59 

-201. 

91.53 

-200  . 

89.01 

-198. 

86.02 

-196, 

82.54 

-193. 

78.63 

-189. 

74.38 

-184. 

69.95 

-179. 

65.58 

-174. 

01.54 

-169. 

58.09 

-163. 

55.47 

-159. 

53.84 

-155. 

53.33 

-152. 

53.94 

-149. 

55.65 

-147. 

58.35 

-146. 

61.86 

-145. 

65.95 

-146. 

70.33 

-146. 

74.75 

-148. 

78.98 

-150. 

82.86 

-153. 

86.29 

-157. 

89.25 

-161. 

91.73 

-166. 

93.75 

-171. 

95.35 

-177. 

96.55 

-182. 

97.38 

-187. 

97.87 

-191. 

98.02 

-194. 

97.84 

-197. 

97.32 

-199. 

96.46 

-201. 

95.23 

-201. 

79.15 

-173. 

INC  =  20.00 


AVG  PHARE  R»-S<’!.UT  I  ON  METHOD 


.**«**» 


PHASE  AMRipiitfv  RESOI  VET  Peases  (USING  AVGD  I  ARGE  AND  SMALL  ARRAY  PHASES) 
PHI21  =  79.15  PH132  =  -173.47 


OOA  0  R  T  A  I f  F I !  fRM  THESE  EHaSFS 


AZIMUTH  =  310.0 


INC  =  20.00 
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table  H-2.  A  Ca9e  in  Which  the  Instantaneous  Phase  Resolution  Method  Fails 


RIJN/  NO. 


•  SOSCF'ER  >RRA  Y  ANGIE  =  90.00 


primary  Mf.rt-  a 7 1  !•' l  T m  =  3lC.op 
PRIMARY  MfPf-  I  Mf  I  f'pNrg  -  On. on 


SEl'OMlARY  MODE  AZIMUTH  :  315*00 
SPrORUARY  MOPE  INCIDENCE  =  R5.00 


AMPlITJnp  PI  SPCPtYOAPY  EAVF 


0.7?  1  p.'ES  THE  AMPLITL'IE  OF  THE  PRIMARY  Wave 


!tH«4.«*««*****»«**.  #■»*#*«•«*»«*«««»*»***#»#**■•##«*»*»'*'»****## 

IMSIAMTANPOUM  RH-Sh  RPSUL'ITICN  METHOD 


tHHmittHXIXOUHIiCHIHci'ftt.ttHIUH: 


PHacp  p  j  f  E  M  a  !  I.  ARRAY  PEaR-R  LaRGE  ARRAY  pHARES  RPbUL  i  s 

l NRT  Phase 


0/1  = 

0.10 

n/i.s 

1.00 

AMBfGUi  IY 

RESCLUT iuN 

pp  r?i 

PH  1  3? 

PHI21 

PH  132 

pH  1 21 

PhI  32 

0  .  P0 

32.24 

-25.1 

119.7 

lie. 6 

119.7 

-249. 

1  n .  r  n 

12.2? 

-25.7 

118.3 

111.3 

118.5 

-248. 

?o .  r  0 

12.20 

-25.7 

116.8 

112.6 

116.8 

-247. 

3n.ro 

12.17 

-25.? 

114.4 

114.9 

114.4 

-245. 

4n .  rn 

12.32 

-25. a 

110.6 

118.6 

110.6 

-241. 

3p.no 

1  2  .  i1 5 

-25.0 

104.5 

124.6 

104.5 

-235. 

An .  rn 

1  1  .  Qp 

-24s  p 

94.02 

135.4 

94.02 

-224. 

7n .  nn 

1  1  .A? 

-24.  a 

74.52 

155.1 

74.52 

-2U4. 

pp .  no 

-  1  >5 

-24.4 

43.42 

-173. 

43.42 

-173. 

?n  .  n p 

11.41 

-24  .  p 

14.07 

-143  . 

14.07 

-143. 

1  nn .  n 

11.07 

-23.4 

-2.95 

-125  • 

-2.95 

-125. 

5  10.0 

10.57 

-22.6 

-11.5 

-11B 

-11.5 

-115. 

1  ?n  .  p 

9  .  79 

-21.4 

-15.5 

-110  . 

-15.5 

-110. 

5  30.0 

;.K1 

-19.4 

-16.6 

-106  . 

-16.6 

-106. 

14  0.0 

6.23 

-I6.1 

-15.3 

-104  . 

-15.3 

-104  . 

1  ?n .  n 

1  .  OH 

-9.75 

-11.0 

-10?  . 

-11.0 

-103. 

1  A0  .  0 

-6.77 

2.77 

-1  .89 

-10?. 

-1.89 

-102. 

170.0 

-18. P 

22 . 4  P 

16.10 

-10?  . 

-343. 

257. e 

1  80  .  0 

-IP. 7 

7?, 7- 

46.31 

-10?  . 

-313. 

257.7 

lon.O 

-6  ,r; 

19.47 

76 . 68 

-10?  . 

76.68 

257.2 

7  0  0.0 

1 .94 

0 . 3 1 

95.39 

-103  . 

95.19 

-103. 

?i  0  .  n 

6.28 

-11.0 

105.2 

-10=  . 

105.2 

-105. 

7?n  .  n 

6.33 

-16.7 

111.0 

-me . 

111.0 

-108. 

?  3  n  .  n 

9.  be 

-19.  B 

114.6 

-112. 

114.6 

-112. 

7<tn .  n 

10.57 

-21 . 4 

117.0 

-12c . 

117,0 

-120. 

7so .  n 

-1 1  .  (■  7 

-22.  P 

118.7 

-133  . 

118.7 

-133. 

7  a  n  .  n 

11.43 

-23.  e 

119.8 

-157. 

119.8 

-157. 

770  .  n 

11.03 

-24.n 

120.6 

169.2 

120.6 

-190  . 

?flO  .  0 

11.8  2 

-24 . 4 

121.2 

143.4 

121.2 

-216. 

7on .  n 

11.95 

-24.9 

121.6 

129.0 

121.6 

-230  . 

3nn .  n 

1  2  .  "5 

-24 . 0 

121.8 

121.1 

121.8 

-238. 

31  n .  o 

12.12 

-25.o 

121.8 

116.4 

121.8 

-243. 

3?o .  n 

12.17 

-25.1 

121.8 

113.6 

121.8 

-246, 

330  .  P 

12.20 

-25.2 

121.5 

111.8 

121.5 

-248. 

34  0  .0 

3  2.2? 

-25.7 

121.1 

110.8 

121.1 

-249, 

3ro  .  r 

12.24 

-25.3 

120.6 

110,4 

120.6 

-249. 

A  V‘»E ■’)  =HAPPR 

7.91 

-17.3 

79.15 

-173  . 

59,15 

-143. 

OOA  OH  1 I  .'  P'  E  PM 

aVGE'E  i  NET 

PHARFS.  , 

,  .  .  .  a  7  I K  U  T  H 

=  305 . 0  .  .  . 

...INC  =  16 

.62 

###»**#»»»  i«»; 

AVP  GuA  RE  R-v'i.TION  MR  Hi  no 

«  *  *  «  *#«»«*«**#»»«*##»***#**#*#»■»###**«*«**»*# 

OHARF  l«- PIPUI  'Y  Rfcs.'.l  VFI-  E^/Stc  (!R  m.  AVGr  lARGE  ANO  RMALI.  ARRAY  EHaSHo) 

PE.  121  =  79. 1 5  f>H'32  =  -1  73.47 

Of, A  OHUI'P-  -py  THREE  eharpS . c.7iM,iT(J  ,  3m. 0 . iNC  =  20.00 


166 


APPENDIX  I 

This  appendix  contains  a  tabulation  of  the  results  of  numerous 
executions  of  the  comparison  program  of  Appendix  H.  It  shows  how  the 
instantaneous  phase  resolution  method  fails  as  various  parameters  are 
varied.  (See  Chapter  VII.) 

A  listing  of  the  modified  program  follows.  All  user-written  sub¬ 
routines  may  be  found  listed  in  Appendix  M. 


S  INPUT  SOURCE  CARDS 

s  Execute 

s  fortran 

h  name  tabchkj 

H  EOUIPSCARDRE, PRINTS, CARDPUJ 

H  SIkjGLEALI  i 

c**##» 

C*«#**THIS  Pom  works  IN  EXACTLY  THE  SAME  MANNER  AS  PGM  METHCHK,  OF  APPENDIX 
C*****Vl  1 1  npT A ! LED  DOCUMENTATION  may  BE  FOUND  THERE, 

C**#** 

dimension  phism<4o,2>,philg(4o,2> , res ( 40,2 )*dphi mo) 

Pl=3. 1415926535898 
TUPI=2.*PI 
X  I N C  =  T 1 1 P i /76 , 

DER*ien . /pi 

DO  85  1  CNT  =  i,5 

Go  TO  (200. 300, 400, 500, 630), LCNT 
200  PRINT  210 

210  FORMATdHl  .Z//59H  COMPaRISCN  OF  AMBIGUITY  RESOLUTION  METHODS  VARY  i 
SNG  PRI  DOA  //) 

PRINT  215 

215  F0RMAT(71H  NOTE . SEC  AZ  =  PRI  AZ  *  DELAZ  ALSO  SEC  INC  « 

SRI  INC  +  riPi.INC  //> 

PRINT  ?20 

220  FORMAT(3X.l 08HPRI  WAVE  SEC  WAVE  REL  AMP  SM  D/L 

SG  n/L  RaMn-A  INST  RESOLUTION  AVG  RESOLUTION  ,/,2X, 

S36HAZ  INC  DFLAZ  DE'.INC  SEC/PR  1 , 25X ,  45HARR  ANG  aZ 

S  INC  AZ  INC  //) 

C***** I N I T I  A 1  I?E  PARAMETERS 
A|  PHPs-lS  . 

DEI  A Z  - 5  . 

DFL  INCsl 0 . 

Hr. 8 

DGAMMA=90 . 

DlS«!  .  1  5 
DU  *1  .*5 

C***»*BEGIN  VARYING  PRI  DOA 
Doi  85  .11  =  1.8 
Al pHP=ALPHp*15. 

THFTP=0 . 

DOI  85  ,i2  =  1  .5 

THFTP=THPTP+i5. 

GO  TO  700 

184  CONTINUE 

185  CONTINUE 
Go  TO  85 

300  PRINT  •110 

310  format fiHi . ///59H  comparison  of  ambiguity  resolution  methods  varying 

SNG  SEC  DOA  //) 

print  215 
print  220 

c*****initiai  f?e  parameters 

A|  pHP  =  71  0  . 

ThF7P=20 . 

del az=-2o . 

C*«***BEGIN  VARYING  DEVIATION  of  SEC  DOA  FROM  PRl  DOA 
D0285  J3=l . 7 
del  az=dfi  A7+15. 

Dei  I  Nr  s- 3  5 . 


2$4 

?S5 

<00 

*'  0 


384 

385 

500 

510 


DC285  ,«4  =  i,5 
PR  I  MC«DK  !  N05 
GO  TO  7 C 0 
COST  1  K  UE 
CCNT  I  K  U E 
GO  TO  85 
PRINT  410 

PORMAT ; 1H1 , ///87H  COMPARISON  OF  AMBIGUITY  RESOLUTION  METHODS  VAR* ! 
SNG  REl  Anpi  ITUDF  (H)  rftween  the  WAVES  //) 

PRINT  215 

Print  220 

►  *  I  N  I  T I  A i  I7F  PARAMETERS 
DPI  AZ=-180 . 

DFi  I  N C  =  3 0  . 

Hs- #  05 

D0385  J5=l .20 
Hs  H*  .  05 
GO  TO  700 

continue 
continue 
Go  TO  ft 5 
print  510 

P  DRMAT ( 1H1 , ///100H  COMPARISON  of  AMBIGUITY  RESOLUTION  METHODS  VARY 
5PRTNT^215  ANn  LARGE  ARRAY  EASELINE/WAVELENGTH  RATIOS  //) 

PRINT  220 

••  I  N  T  T  I  A|  i:  F  PARAMETERS 
Hs  .35 
Dl.S  =  0  . 

D0485  J6r 1 , 5 

DLS»DlS*.l 


484 

485 

600 

610 


583 

584 

585 
700 


D0465  ,)7  =  1 , 6 

dll«dll*i . 

GO  TO  700 
CONTINUE 
CONTINUE 
GO  TO  A5 
print-  *io 

FORMATrtHi . ///71H  COMPARISON  OF  AMBIGUITY  RESOLUTION  METHODS  VARY  I 
$Ng  array  angle,  gamma  //) 
print  215 
print  220 

■  • I N  I  T 1  A I  IZE  PARAMETERS 
Dl  S«  .5 
Dll=2. 

DGAMMAsO . 

00565  J8sl.9 

DGaMMa  =  DC;amma+io  . 
print  533 

PORMATf/) 

GO  TC  700 
CONTINUE 

contim.f 

GO  TC  *5 

ALP'HS  =  aLPHP  +  OELAZ 
TmfTSsTHETp+DELINC 
GammasdGamm a/deg 
Rai  PHFr Ai  DpP/DEG 
Rai PHSrAl PpS/OEG 


RTHETP*THETP/DEG  169 

RThETS«ThETS/DEG 

DlsOLS 

DO  54  TCNT=1,2 

CALL  PRTPH!  {RALPHP,RTHETP,CL,PHIP2l»PHIPi3»PHIP32#  GAMMA) 

Call  PRTPHURALPHS,RTHETS,CL1PHIS21»PH1S13#PHIS32#  GAMMA) 

PHTDIFe-XlNiC 

SmfI2i*o. 

SMF 113*0  . 

SMF 132*0. 

DO  50  JCNT  =  1*36 
PHlDIFsPHiniF*XlNC 

Xl  =ATAN2 (H»S I N( PHI D IF ) , 1 . ♦H*COS<PHID IF ) ) 

PH  1 2i  =  ATAN?<S!N<PHIP2l)+H*S INC  PHI D I F*PH IS21)»C0S(PHIP21)+H*C0S(Pm 
I  IDIF*PHIS21 ) )-Xl 

call  reduce c  ph i 21 ) 

call  chos  (phi?i<phip2i#fi21> 

PHI21SFI21 

PHIP31S-PHIP13 

PHlS3ls-PHlS13 

Phi  31=  AT  AM2 ( S I N ( PH  I P3l  ) +H#S I N ( ?H I D I F+PH I S31 ) , COS ( PH  I P31 ) ♦H#CQ? ( Ph 
J I D I F*FH I S31 ) ) -XI 
CALL  RFDUCF(PHI31) 

CAl  L  CHOS  (PHI31.PHIP31 »FI31) 

PH  I 31  =  F ! 31 

PHI32=PH!31-PHI21 

PHI13s-PHI31 

C*«#*#Sum  UP  AIL  IN1ERF  PHASES  TC  CALCULATE  AvG  jNTERF  PHASES. 
ShfI21sSMF121+PHI21 
SmFI13*SMFJ13+PHI13 
ShfI32sSMFI32*PHI32 
DphI (^CNT )=DEG#PHIDIF 
IF  (  I CN  T - 1  .5)45*45*46 

45  PHISM( JCNT.1)*PHI21 
PHISMC JCNT,2)*PHI32 
GO  TO  50 

46  PHILG( JCNT.1)«PHI21 
PHILG< JCNT,2)»PHI32 

50  CONTINUE 

AVFl2l=SMF!21/36. 

AVFl3?=SMFI32/36. 

IFC  ICM-i  .5)52,52,53 

52  AVSM21=AVFI21 
AVSM32=AVF?32 
DLsDLL 

GO  TO  54 

53  A  V l G21  =AVFI21 
AVI  G32e AVF  I  32 

54  CONTINUE 

C««»#*PERF0RH  INST  PHASE  AMBIGUITY  RESOLUTION 
SmRESI *0 . 

SmhES?  a  0 . 

DR  A  T  =C I  L/PLS 

DO  60  I C T  =  1 , 36 

CAl  L  RFD'JCF  (PHILGv  ICT.1  >) 

call  reducfcphilgc ict,?) ) 

Xj  =PH I SM  < I CT , 1 )  *DRA  T 
X?*PHISM(  I  <~T , 2  )  *DRAT 

CAl  L  CHOS (PHI LG { I CT , 1 ) , XI , RES ( I CT , 1 )  ) 
call  chos(philg;ict,2) ,X2.res( ict,2) ) 


SmrESi«SMRfS14RES( ICT,l>  170 

SnRES2»SMRFS2*RES(ICT,?) 

60  continue 

AvRESl.SHRFSl/36. 

AVRES?nSMRFS2/36. 

C*»***ComPUTF  1 ND I CATED  DOA  FOR  INST  METHOD 

CAl  L  CIR< AVR6Sl,AVRES?.DL,GAMMA»AZiNST,XlNST> 

C*«***PFRf OPM  AVPRAQE  PHASE  aMEIGUITY  resolution 
Cai  L  RFDUCF<AVLG21) 

Call  Rpnucpl AVLG32) 

X3=AVSM2i*rRAT 
X4=AVSM3?*HRAT 
CaiL  CH0S(aVLG21*X'3»FI?1) 

Cai  L  CH0S(aVLG32.X4,F;32> 

Cal  L  CIR(F!21.FI32,PL,GAHMA, AZAVG.AVG1NC) 

print  ao. ai  php, thfi p, dflaz . del i nc, h, dls#  dll, dgamka, az inst, x inst, 

SA7AVG. aVGINC 

8  0  F0RMAT!1X,C5.2,1X,F5.2,3X,2(F5.2»2X)#3X,F5.2#7X,3(F5.2.3X), :<2X,F5.2),5X,2 

Z . 2 ) *  5X , 2 ( 3X • F5 , 2  ) ) 

GO  TO  (184. 284,384, 484,584), LCNT 
85  CONTINUE 

Cai  L  F X  I  T 
End 
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APPENDIX  J 

Tills  appendix  illustrates  the  equivalence  of  the  two  methods  of 

handling  erroneous  phase  measurement  data  described  in  Chapter  VIII. 

The  data  presented  here  are  "live."  They  were  collected  at  this 

laboratory's  Monticello  Road  Field  Station,  on  April  11,  1972,  as  part 

2 

of  a  three-transmitter  ionospheric  "tilt"  experiment.  The  presence 
of  ionospheric  tilt  is  probably  the  reason  why  the  indicated  azimuths 
do  not  agree  precisely  with  the  actual  compass  bearings  of  the  trans¬ 
mitter  locations  from  the  RDF  site,  as  indicated  in  the  following 
tables .  Each  data  point  represents  a  group  average  of  ten  sets  of 
interferometer  phase  measurements.  The  time  between  each  successive 
phase  measurement  war  r-o  seconds.  The  experiment  was  set  up  such  that 
every  minute  ten  phase  >.asureraents  from  each  transmitter  would  be 
recorded  at  the  RDF  site.  (This  was  done  by  properly  timing  the 
transmitters  such  that  each  transmitter  would  be  on  and  the  other  two 
off  for  1/3  of  a  minute.) 

These  data  were  taken  over  a  period  beginning  at  22:39:01  and 
ending  at  22:57:00,  GMT.^ 

A  listing  of  the  processing  program  follows.  The  user-written 
subroutines  are  listed  in  Appendix  M. 
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$  INPUT  SOURCE  CARDS 

S  SCRATCH  T APE#  3#  4#  3 

S  EXECUTE 

S  FORTRAN 

h  Name  ri  dta  : 

H  EOUlp=CARDRE,PRINTE,CARDPUl 

H  SInGLEALLJ 

C**«##fHiS  PGM  COMPARES  2  METHODS  OF  DOA  CALCULATION  USING  LIVE  DATA 

C  Thf  FCI LOWING  DATA  CARDS  APE  REQUIRED . 

C  1.  DATE  AND  PLACE  OF  DATA  COLLECTION  (23A1  FORMAT) 

C  2.  BEARING  AND  LOCATION  OF  TARGET  TRANSMITTER  (23A1  FORMAT) 

C  3.  PASFI  INg  ♦  FREQUENCY  IN  MHZ  <2Fi0,5  FORMAT) 

C  4.  mUMRFR  OF  Data  CARDS  TO  BE  PROCESSED  (13  FORMAT,  TIGHT  JUSTIFIED) 

C  5.  DATA  CARDS . PH  1 21 ,  PHI13*  PHI32  UN  »MB ,  AND  IN  DEGREES  (3F10.5) 

C 


C 

C 

DIMENSION  aLPHAI < 15 ) ,  ALPHA2C15) 

Pl=3. 1415926535898 
DEG  =  10ft . /P  I 
DO  995  U.  L  =  1  #  3 
READ  10, (Al  PHA1<I), Ial.15) 
io  format i isap  ) 

head  10,  (ALPHA2< 1), 1=1,15) 

Read  20#d,freq 

20  F  ORMAT ( ?fi n . 5 ) 

Dl  =  D*FRE()/300  . 

print  30, ai  phai,alpha2,dl 

30  FORMATIIHI . 15X, 69HC0MPAR I SCN  OF  2  OCA  CALC  TECHNIQUES  USING  LIVE  P 

SHaSE  MEASUREMENT  0ATA//19X, 34HDATE+PLACE  OF  DaTa  COLLECTION . ,1 

S5A2//19X.3AHBEARING  AND  LOCATION  OF  SOURCE - , 15A2//35X, 6HD/L  =  # 

SF5.3.2V.1SRGAMMA  =  60  nEGRFES////) 

print  4o 

40  FoFMAT(14X.74HUNAMR!GUOUS  SUM  OF  DbL I A  METHOD 

JANGLE  AVERAGING  method/  13X , 73HI NTERF  PHASES  PHASES  AZIMUT 

SH  I  Nr  1  'PA'CE  AZIMUTH  I  NC I  DbNCE/13X # 14HAVG  AMPLITUDE  /10X, 

S19HPHI21  PHI13  PHI32/) 

READ  5n.  NPAT a 
50  F0RMAT(I3) 

DLASM=0. 

DLISM=0 . 

A  V  ASM: 0  . 

AVISM  =  0  . 

AMPSM=0 . 

P?1SM  =  0  . 

Pl3SM  =  0  . 

P32SH=0  . 

ICHECKsO 

DO  80  LCNTsl,NDATA 
READ  60,  PRI21,PH!13,PHI32, AVAHP 
60  F0RMAT(6M  n.5) 

65  PhaSUmsPmH3*phI21+PHI32 

Rph  I  21 =PH ! ?l /DEG 
RPHll  3  =  PWI1  3/DKG 
RPHI32  =  PH  I  32/DEG 

Call  A  vD  IR(  RPHI 21,  RPH  1 13,  RFHI 32#  Dl.»  AVaZ»  AV  INC ) 

ThrDEL=pha^Um/3. 

CPuI2ls(PHI2t-THROE(.  )/DEG 
CpwI13=(pP'13-THRnfcL )/PEG 
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CPhI32=(PHI32-THRDEL>/DEG 

C A i  L  AVniR(CPH121,CPH1l3»CPHI32#DL#DELAZ,CELINC) 

C*«**«PFRFOPM  branch  cut.  for  the  following  data  a  cut  extending  from  -PI  to  pi 

C***«#I$  APPROPRIATE 

IFcDELAZ-IPO. 1651.651,650 

650  DELAZ=DEI  A7-360. 

651  CONTINUE 

IF( AVAZ-18P. )  653,653,652 

652  AVaZ*AVA7-:<60  . 

653  CONTINUE 

Dl aSM=OLASm*DELAZ 

DllSM=OL iSM+DELINC 

AVaSM=AVaS^+AVAZ 

AVISM=AV!SM*AVINC 

P21SM=P21Sm+PHI21 

P13SM=pi3SM*PHI13 

P3?SM=P3?SM+PHI32 

AkpSM=aMPSM>AVAMP 

PRINT  70.PHi2l,PHU3,PHl32.PHASUM,DELAZ.DELINC,  AVAZ.AVI  NC 
S, AVAMP 

7  0  FORMAT! 1H  ,  8X ,  F6 . 1 . IX ,  F6 . 1 . 2X. F5 . 1 , 3X ,F6 . 3 / 5X, F5 . 2, 6X, F5 . 2 , 9X, F5 . 2 

S,6X,F5.2> 

IF(  ICPFCKM  00,80,100 
80  CONTINUE 

C#«***NOTE  This  AVGING  PROCFSS  IGNORES  THE  o  To  360  DEGREE  WRAPAROUND  PROBLEM 

C****«ANin  IE  thfpef ore  not  valid  under  some  conditions 

Di  A*DLASM/N  DATA 
DLI»DLISM/NDATA 
AVAsAVaSm/'UDATA 
AVl*AVISM/NOATA 

c« ••••convert  -ipo  to  ibo  cut  back  to  the  original  o  to  360,  cut 
IF(DLA  >654.654, 655 

654  Dl A  =  Dl A  +  360  . 

655  lFfAVA >656.656, 657 

656  AVAsAVA  +  360  . 

657  continue 

print  oo  ,;la,dli .ava.avi 

90  FORMATf inx, 76 (1H*)//10X.12P AVERAGED  DO A , 21 X, F5 . 2, 6X, F5 . 2, 9X, F5 . 2, 6 
SX,r5.2) 

PHI21=P21 s^/ndata 

PhI13sP13Sm/N’DATA 

PHI32=P3?SV/NDATA 

AVAMP=AMPSm/NDATA 

!  C  H  E  C  K  -•  1 

PRINT  95 

95  FORMAT!/, 9X.78H  AVGED  PHASES  AND  AMPL I TUDES--- AND  THE  DOA  CALCULAT 
StD  FRTh  iHFSE  AVGED  PHASES  ) 

GO  TO  *5 
100  CONTINUE 
999  CONTINUE 

call  e x l  i 

ENn 
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COMPARISON  or  2  nOA  cAlC  techniques  using  live  phase 

0 ATE  +  PLACF  OF  DATA  COLLECTION . APRIL  11.  1972 

BEARING  AND  LOCATION  OF  SOURCE - GILMAN,  ILL  <AZ 

O/L  s  1.542  GAMMA  =  60  DEGREES 


MEASUREMENT  DATA 
MRFS 

APRX  18.5) 


UNAMBIGUOUS 

sum  nc 

DELTA 

METHOD 

angle  averaging  meth 

interf  phases 
avr  amplitude 

PH  I  Pi  PH  1 13  PHI3P 

phases 

A7IMUTH 

INCIDENCE 

azimuth 

INf.DENCE 

85.5 

4.8 

-53.3 

-34.7 

-2.500 

7.09 

9.02 

7.09 

9.02 

87.3 

4.2 

-47.1 

-38.7 

1.500 

3.20 

9.01 

3.20 

9.01 

90.3 

4.0 

-41.8 

-46.3 

2.200 

-1.66 

9.29 

-1.66 

9.29 

90.5 

4.2 

-49.1 

-43.8 

-2.400 

1.92 

9.47 

1.92 

9.47 

96.8 
4 .  o 

-52.6 

-53.1 

-8.900 

-0.17 

10.36 

-0.17 

10.37 

101.8 

4.3 

-56.3 

-50.9 

-5.400 

1.72 

10.76 

1.72 

10.77 

102.5 

4.8 

-54.8 

-51,1 

-3.400 

1.18 

10.76 

1.18 

10.77 

87.9 

4.8 

-39.3 

-50.4 

-1.800 

-4.14 

9.20 

-4.14 

9.20 

86.5 

4.8 

-37.1 

-48.0 

1.400 

-4.18 

8.94 

-4.18 

8.94 

86.9 

4.8 

-42.9 

-49.5 

-5.500 

-2.46 

9.21 

-2.46 

9.21 

97.9 

4.6 

-60.3 

-37.5 

0.100 

7.66 

10.25 

7.66 

10.25 

96.8 

4.5 

-74.2 

-24.3 

-1.700 

16.48 

10.54 

16.48 

10.54 

99.0 

4.2 

-70.2 

-19.8 

9.000 

16.86 

10.41 

16.87 

10.42 

93.6 

4 . 0 

-83.2 

-13.3 

-2.900 

23.11 

10.68 

23.11 

10.68 

90.0 

4.8 

-79.5 

-14.5 

-4.000 

22,34 

10.25 

22.34 

10.25 

78.9 

4.8 

-60.0 

-17.8 

1.100 

17.24 

8.52 

17.24 

8.52 

BC.e 

4.6 

-54.1 

-24.3 

2.400 

12.14 

8.48 

12,14 

8.48 

86.6 

3.9 

-53.0 

-26.3 

7.300 

10.38 

8.87 

10.38 

8.88 

«****•»****»« 

AVERAOED  DOA 

««•»**•« 

7.15 

9.67 

7,15 

«**«•«*•*«« 

9.67 

avged 

PHASES 

AND  AMPLITUJFP  — 

-AND  THE  DOA 

CALCULATED 

from  these  * 

VGFD  PHASES 

91 . 1 

-56.0 

-35.8 

-0 . 7r0 

7.29 

9.55 

7.29 

9.55 

t 
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COMPARISON  OF  2  DOa  CALC  TECHN I DUES  ISING  HV6  PHASE  MEASUREMENT  DATA 


OAie  +  Pl.ACF 

OF  D'  TA  L 

oli.ection-- 

---APRIL  Hi 

1972  MRhS 

rearing  AND 

LOCATION 

OF  SOURCE- 

---loda,  ILL 

( AZ 

APRX  21. 

5) 

UNamHGLCUS 

D/l. 

CUM  OF 

=  1.542  GAMMA  =  60  DEGREES 

DELTA  METHOD 

ANGlE  AVERAGING  METHOD 

i  n'tfrf  Phaser 

PHASES 

A7IMUTH 

INCIDENCE 

AZ1MUIH 

INCIDENCE 

A  VO 
■H  1  ?t 

68.1 

ahpi ! tude 

PH  I ] 3  PHIS? 

-35.2  -32.9 

0.000 

1.12 

7.05 

1.12 

7.05 

?.') 

75.3 

-39-2  -34.fi 

2.300 

2.22 

7.72 

2.22 

7.72 

1  .3 
66.4 

-2n . 5  -36.4 

10.000 

-8.96 

6.87 

-8.97 

6.89 

1  .6 
74. 7 

-49.4  -29.4 

-4.100. 

8.63 

7.97 

8.63 

7.97 

2. 3 

51  .5 

-29.5  -31.6 

-9.600 

-1.27 

5.66 

-1.27 

5.68 

3.8 

53.4 

-27.7  -32.? 

-6.000 

-2.66 

5.79 

-2.66 

5.79 

3.1 

57.9 

-31.6  -44.3 

1  •  8n  0 

-18.3 

6.24 

-18.1 

6.24 

2.7 

52.4 

-30.1  -31.6 

10.700 

-14.2 

5.21 

-14.3 

5.23 

2.3 

68.9 

-22.6  -42.4 

3*90  0 

-9.60 

7.10 

-9.60 

7.10 

2 .  'J 
52.7 

-29.9  -39.8 

-36.70 

-5.43 

6.05 

-5.39 

6.11 

2.6 

58.8 

-43.2  -22.4 

-6.800 

31.13 

6.44 

11.12 

6.45 

2.9 

56.4 

-52.8  -14.4 

-ID. 80 

20.28 

6.62 

20.25 

6.64 

3.1 

75.7 

-65.2  -3.2 

7.300 

26.04 

8.45 

26.04 

8.46 

2.6 
54 . 6 

-59.3  -7.6 

-12.10 

26.89 

6.80 

26.85 

6.83 

2.7 

55.4 

-37.8  -4.3 

13.300 

20.78 

5 . 64 

20.86 

5.67 

2.2 

48.0 

-24. 8  -13.4 

10.600 

7.84 

4.64 

7.87 

4.67 

1.7 

67.9 

-69.1  -26.4 

-27.60 

17.73 

8.39 

17.53 

8.49 

1 . 5 
71.8 

-50.2  -35.3 

-13.70 

6.43 

7.96 

6.42 

7.99 

1  .4 

■»*«*»******  ?•**#*##******«****•**#*****#*###*  ***########*■»**#***############## 

AVtPAOFn  DOA  4.93  6.70  4,92  6.72 

--AND  THE  DOA  CALCULATED  FROM  THESE  A  VGEO  PHASES 

5.66  6.52  5,66  6.52 


?VhFI)  PHASE1-  AND  AMPL  I  TU!>ER- 
61.3  -37.6  -26.8  -2.639 

2.3 
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COMPARISON  of  2  DOA  CALC  TECHNIQUES  USING  LIVE  PHASE  MEASUREMENT  DATA 

DATE+PLACE  OF  DATA  COLLECTION . APRIL  11,  1972  MRfS 

BEARING  AMD  LOCATION  OF  SOURCE - TJBORO,  ILL  <AZ  APRX  21.5) 

D/L  s  1.542  GAMMa  =  60  DEGREES 


unambiguous 

INtERF  PHASES 

AVG  amplitude 

SUM  f)F 
PHASFS 

DELTA 

azimuth 

METHOD 

INCIDENCE 

ANGLE  AVERAGING  METHOD 
AZIMUTH  INCIDENCE 

PHI?1 

PH  1 13 

PH  1 3? 

40.1 

4.8 

-18.7 

-24.1 

-2.700 

-4.35 

4.25 

-4.35 

4.25 

41.2 

4.3 

-19.6 

-20.8 

0.800 

-0.97 

4.23 

-0.97 

4.23 

43.4 

4.5 

-24.4 

-17. n 

2.000 

5.71 

4.44 

5.71 

4.44 

33.9 

4.5 

“9.1 

-17.4 

7.400 

-8.67 

3.28 

-8.70 

3,30 

27.9 

4.8 

-9.3 

-25.6 

-7.200 

-17.4 

3.28 

-17.3 

3.30 

34.0 

4.8 

-0.2 

-27.5 

6.300 

-26.2 

3.68 

-26.3 

3.69 

39.4 

4.4 

-1-1 

-34.8 

3.500 

-26.9 

4.43 

-26.9 

4.44 

37.3 

4.7 

-6.0 

-32.5 

-1.200 

-22.0 

4.20 

-22.0 

4.20 

32.6 

4.8 

-16.7 

-18.i 

-2.200 

-1.39 

3.44 

-1.39 

3.45 

25.  C 
4.8 

-2-5 

-12.6 

9.900 

-15.0 

2.32 

-15.4 

2.37 

23.4 

4.8 

-25-1 

-9.1 

-10.80 

18.89 

2.95 

18.60 

2.99 

23.7 

4.8 

-16.3 

-10.1 

-2.700 

8.28 

2.57 

8.28 

2.57 

16.2 

4.6 

-14.6 

-I4.n 

-10.40 

0.92 

2.24 

0.88 

2.29 

34,9 

4.1 

-17.6 

-11.3 

6,000 

6,31 

3.42 

6.32 

3.43 

34.5 

3.5 

-18-4 

-19.6 

-3.500 

-1.11 

3.69 

-1.11 

3.69 

46.3 

3.5 

-20.1 

-16.9 

9.300 

2.45 

4.47 

2,46 

4.49 

49.1 

3.1 

-3() .  4 

-21.1 

-2.400 

6.14 

5.19 

6.14 

5.19 

52.7 

4.2 

-30.1 

-22.2 

0.400 

4.96 

5.46 

4.96 

5.46 

AVERAGED  DOA 

AVGf-D  PHASES  AND  AMPLITUUFS- 
35.4  -15.6  -19,7  0-139 

4.4 


356.0  3.75 


356.0  3.77 


AND  THE  DOA  CALCULATED 
“3.87  3 . 66 


FROM  THESfc  AVGEO  PHASES 
"3,87  3.66 
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APPENDIX  K 


This  appendix  contains  derivations  of  equations  VIII-7  and  VIII-8. 
From  elementary  trigonometry,  it  may  be  inferred  from  equation  VIII-6 
that: 


sin 

^21-32 

■  >'i/ri 

C03 

a21-32 

3  in 

a21-13 

COS 

a21-13 

sin 

a32-13 

*  y3/r3 

COS 

a32-13 

■  Vr] 

=  x„/r. 


x3^r3* 


(K-l) 


2  2 

where  r^  *  /x^  +  y^  ,  i  =  1,  2,  3. 

Substituting  equations  K-l  into  equation  VIII-2  yields: 

-1  yl'/rl  +  '2'T2  +  y3^r3 
x^/r^  +  *2^*2  +  x3^r3 


a  =  tan 
avg 


(K-2) 


Equation  K-2  is  identical  to  equation  VIII-7. 

Next,  equations  VIII-4  (expressions  for  the  "delta  method"  -  cor¬ 
rected  phases)  are  substituted  into  equations  1-4.  (For  simplicity  of 
notation,  the  symmetric  array  equations  will  be  used.)  Because  the  sum 
of  the  "corrected"  phases  is  sero,  equations  1-4  will  yield  identical 
results;  hence  only  equation  1-4 (e)  will  be  used.  This  results  in: 


tan 


-1  2(*32  "  A/3)  +  (*21  "  A/3) 


/3  ($n  -  A/3) 


But,  equation  VIII-3  states  that: 

A 


*21  +  *13  +  *32* 


(K-3) 


(K-4) 


Substitution  of  K-4  into  K-3  results  in: 

-1  1/3  (*32  “  *13^ 


“a  =  tan  2^  -  -  v  • 

V21  *32  *13 


(K-5) 
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It  will  now  be  shown  that  expression  K-5  is  equivalent  to  the  expres- 
4 

sion: 


tan 


-iZklhl h 

X1  +  x2  +  X3 


(K-6) 


This  is  the  expression  we  wish  to  verify  (equation  VIII-8) .  Perhaps 
this  equivalence  can  best  be  demonstrated  by  working  backwards  from 
equation  K-6, 

From  equations  1-4 (d),  (e) ,  and  (f),  x^,  x 2»  x^,  y^,  y^,  and  y3 
may  be  computed,  as  in  figure  K-l.  Substituting  these  values  of  x^  and 
y^  (i  =  1,  2,  or  3)  into  equation  K-5  yields: 


tan 


-1  -  <2*l3  +  *2i>  +  2»32  *21  +  *32  ~  *13 

^  (*21  *  *21  "  *32  "  *13> 


or,  after  simplification, 


a 


A 


tan 


-1 


/3  (-  «j>13  +  <j>32) 

(2$2i  -  $32  -  *13) 


(K-7) 


But  this  expression  is  equivalent  to  expression  K-6.  Hence  equations 
K-5  and  K-6  are  indeed  equivalent. 
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Eqn  l-4d: 

tan  d2|_l3 


-2  0_|3  -^2| 

^3  *21 


Eqn  l-4e: 

_  2^  32  +^2| 

tan  a  21-32  "  /-  , 

v3  9  21 


2*32 +*21  s  iz 


Eqn  l-5f  : 

_  *  32  ”  *  is 

ton  q  2  — 

-“/3  (*32  +*13) 


Figure  K-l.  Simple  Trigonometric  Relationships  Used  in  the 
Work  of  Appendix  K. 
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APPENDIX  L 

This  appendix  contains  typical  results  of  a  comparison  study  of  the 
equivalence  of  the  two  methods  of  processing  erroneous  phase  measurement 
data.  This  study  uses  computer-generated  erroneous  phases  as  contrasted 
with  the  real  phase  data  processed  in  Appendix  J.  Even  for  very  large 
values  of  A,  it  is  obvious  that  the  two  methods  are  essentially  equiva¬ 
lent. 

A  listing  of  the  program  follows.  Any  user-written  subroutines 
called  may  be  found  listed  in  Appendix  M. 


*  INPUT  SOURCE  CARDS 

s  EXECUTE 

S  FORTRAN 

h  Name  cohhar i 

H  PQUlP=CARDRE,PRINTE,CARDPUl 

H  S I NGLF ALL  ; 

C  *  *  *  *  w 

C#«#.*TH!S  program  compares  two  coa  calculation  schemes  using  erroneous 
C*«***Ph aSF  data.  ONE  method  involves  azimuth  angle  averaging  (ANGLE  averaging 
C##«#*MFTH0r  \  ,  THE  OTHER  INVOLVES  SUBTRACTING  1/3  THE  SUM  OF  THE  INTERFEROMETER 
C*«***PhaSES  from  each  INDIVIDUAL  PHASE  (DELTA  METHOD). 

C**##*RfoUIRFO  INPUT  DATA  ARE  THE  ACTUAL  AZIMUTH  AND  INCIDENCE  (IN  DEGREES ) # 
C***««ANjn  TFF  PAGEL  INE/WAVEi.FNGTH  RATIO.  (3F10.5  FORMAT) 

C  *  *  *  *  * 

P  I  =3 . 1 415926535 
DFG'ieo  ./PI 
Do  30  |  C N T  =  1 »  5 
PEaD  10. A7.  THET.Dl 
10  FORMAT  (3M  0 .5) 

R  A  7 s  A Z /PEG 

RTHET=THET/nHG  s 

C*«**#COMPUTF  NO<^ -FRRONFOUS  I NTFR  F  EROME  TE  R  PHASES  FRUM  SPECIFIED  DOA  AND  U/L 
C*««**Vai  UES 

Cai  L  FRTPH,(RaZ,RTHFT,DL.PHI21,PHI13»PHI32) 

DPMI  21 cPH |  21 *DEG 
L'PH  1 1 3 s P H  1 1  3»DEG 
DPHl32sPHM2»DEG 
Do  30  JCONTsl ,3 
DF!  *-1,1 

PRINT  20,  A7.THET.DL 

?n  F  OFMMAT  ( 1  Hi  ,  71HC0HPAR  I  SON  CF  2  DOA  CALC.  TfcCHN 1  ODES  USING  ERRONECU 
SS  PHASE  mFaSUREMENT.S  .//16H  TRUE  AZIMUTH  *  .  F5 . 2, 10X,  17HTRUE  I A 
SCinENCF  -  .F5.2.10X.2PH8ASELINE/WAVELENGTH  *  ,F5.2,/> 

PRINT  i8.nPHl21,DPHI13.DPHI32 

18  FORMAT  (  i  4H  TRUE  PH121  *  .F7.2.l0X.l4H  TRUE  PHU3  «  ,F‘7.2.10X,14h  I 
SRlJF  PH  I  3?  =  »  F 7 , 2  *  /  ) 

Go  TO  (21  .22,23) . JCONT 
?i  print  ?7 

27  F0RHAT(///42H  ERROR  SUM  CONCENTRATED  IN  PHI13  PHASE....///) 

Go  TO  24 

22  PRINT  20 

28  format ( ///arm  error  sum  divided  equally  among  phiis,  PHI32. . . .///> 

Go  TO  24 

23  PRINT  ?9 

?9  FORMAT ( ///06H  ERROR  SUM  CIVIDED  EQUALLY  AMONG  PHU3#  PHI21.  PH  1 32 . 

S . . .  // > 

24  CONTINUE 
PRINT  240 

240  f ORM AT ( 74H  (ALSO  ASSUMING  PWI13,  PHI32  HAVE  CANCELLING  ERRORS  OF  ♦ 

$ , - ( SUM  0 ►  PHASES))///) 

PRINT  ?«5 

?5  F ORHAT ( 11X . 91HSUH  OF  PHASES  AZlMLTH  AZIMUTH 

$  INCIDENCE  INCIDENCE  » / » 13X » 93HERR0R  SUM 

j  DFI  TA  METHOD  ANGLE  AVGING  METH  DELTA  METHOD  ANG 

SE  AVGING  MFTH  ,//) 

DO  30  mCNT=1.21 

. . .  FRROR  By  .1  RADIANS 

DEL  e  DF  I  ♦  .  1 

introduce  hrrors  of  ♦  del  in  phii3.  phi32.  (respectively) 
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FM3«PwI13*DEL 
FI32«Pm132-DEL 
f I 21*PWI 21 
TDEL*CPL/3. 

GO  TO  <31,32,33). JCONT 
C*«#*#PUT  ERROR  ALL  INTO  PHfl3  PHASE 

31  P 1 1 3*F 1 13+DEL 
GO  TO  34 

C**#*«DlvIDE  ERROR  AMONG  PHIl3  AND  PHI32 

32  F 1 1 3  =  F I13+OEL/2 . 

Fl32=F132*PEL/2. 

GO  TO  34 

C*««#*Dl vIDE  ERROR  EQUALLY  AMONG  ALL  THREE  PHASES 

33  Fn3  =  FT13«>T0EL 
F  ?  32*F 1 32+TDEL 
F  !  21  =  F  1 2.1  ♦TOcL 

34  CONTINUE 

c*«*##perform  angle  averaging  method  DOA  calculation 

Call  avDIR<FI21,FI13,F J32,CL.AVAZ,AVINC) 

C I ?1*F  r  21 -TDEL 
Cll3  =  F  H3-T0EL 
Cl32aFI3?-T0EL 

C*«**«PERF0RM  UEl  Ta  METHOD  DOA  CALCULATION 

Cai  L  AVDIR<C!21,CU3.CI32,CL,DELAZ.CElINC) 

dgdel=del*deg 

PRINT  40.DGDEL.DELAZ. AVAZ.CELINC, AVINC 
F0RMAT<5f?n.2) 

CAI  L  EXIT 

End 
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APPENDIX  M 


Herein  are  listed  the  various  general  purpose  subroutines  called 
in  many  of  the  programs  of  previous  appendices.  Their  functions  are 
explained  within  their  listings. 
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s  Input  source  cards 

S  OUTPUT  SUBROUTINE  TAPE 

S  SENSE  SWITChON,32 

s  fortran 

H  NAME  AVOIR; 

H  60UIP=CAHDRE,PRINTE,CARDPU; 

H  SINGLEaLLJ 

SUBROUTINE  AVDIR(PHI21,PHI13,PH132.DL,AZ.VINC> 

C**#«#TH I S  SUBROUTINE  FINOS  THE  AVERAGED  DOA  FROM  ALL  THREE  INTERFEROMETER 
C«*#«#PMaSES.  it  USES  THE  angle  AVERAGING  FORMULA  PRESENTED  IN  CHAPTER  VIII 
C#»*##PH 121*  PHI13*  PH  1 32 «  ARE  THE  INPUT  INTERFEROMETER  PHASES  UN  RADIANS) 
C»«###Dl  IS  THE  ARRAY  BASEL  I NE/WA VELENGTH,  THE  ARRAY  ANGLE  IS  ASSUMED  TO  BE 
C««*««6n  DEGREES.  AND  THE  OUTPU?  DOA  IS  GIVEN  BY  AZ  AND  VINC.  IN  DEGREES. 

S0RT3=1 .7320508076 
DEG»57. 29577951 
TP0L*DL*6. 2831853072 
M*i  .22474*8714 

r CULATr  :?  VALUES  OF  «ipha  using  THE  3  DIFFERENT  COMBINATIONS 
'OP  2  ANTENNA  PHASE  MEASUREMENTS*  THEN  AVERAGING  THEM 
r  ?132*A1 AN2(2.*PHI32^PH121 »SQRT3*PH121) 
AL1321=4TAn2(-2.«PHI13-PHI21*SQRT3»PHI21) 

Ali332  =  ATAn2(PHI32-PHH3,-SGRT3»(PHI32*PHI13)  ) 

XsCOSI  aL?3.t2  5*COS(AL1321)*COS(AL1332) 

YsSINI aL?132)+SIN( AL1321)*SIN( AL1332) 

A7sATAN2( Y.X)*DEG 

SqrTSM=SORt(PHI21*PH!21*PH!13*PHIi3+PHI32«PHI32> 

STHaSCRTSM/( TPDL#SQRH) 

C*****CHFCK  TO  ENSURE  STH  L^SS  THAN  1*  IF  SLIGHTLY  GREATER  SET  =  1,0 
IF  (STH-1 .  )'>.  2,1 

1  STH*l.n 

2  CONTINUE 
VINC=ASIN(STH)#DEG 
RETURN 

End 
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SUBRfWTINE  TAPE 
sense  SWITCN0N#32 
fortran 
name  ctr  , 

u  RtPHI2l'PHl32,0L, GAMMA, AZ,VJNC> 

G.nnlRpAYs?  A I ? '?f £os°?«e r U? T2UKoUIi2f DeS?cG6,i^RAL  1  "Urometer 

c'.mIKs "■w*  tke 

» ■>»««?  4  #Re  ,k  s,ouns’  the  uz  AN„  V(NC 

DEG«57. 29577951 
TPnL=Cl »6.?831853072 

ARGIsPh  J32+PH 121 -PH \o\ #CnSfP4Mui  * 

ARn23PHI?j4>S!N(GAMMI?1*C0S(GAMMA) 

A7sATAN2(ARG1#ARG2) 

jrpTST(s,SO/(coS(,Z)..2^S(;-«HM1)..?.cosu2) 

. . ???&:;.:;?$:?  -  S6T . ,, 

1  STHal.o 

2  continue 
VlNC=ASrN(STH)#DEG 
AZ=A2*nFG 

Return 

End 
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S  INPUT  SOURCE  CARDS 

S  OUTPUT  SUBROUTINE  TAPE 

S  SENSE  SwITCH'0N,32 

S  FORTRAN 

H  NAME  CMOS; 

H  E0UIP=CARDRE*PRINT6(CARDPU) 

subroutine  CHOS  (XAVBT J,PHII J.TAVBIJ) 

c#**#* 

C#««#*THIS  SUBROUTINE  CHOSES  AVBIJ  ♦  OR  -  N#2«PI  THAT  COMES  CLOSEST  TO  PH l 1 J 
C*####THE  CHOSEN  value  IS  TAVBIJ.  THIS  SUBROUTINE  ESSENTIALLY  PERFORMS 
Ct#»»«A  PHASF  AMBIGUITY  RESOLUTION. 

C*«»#«ALL  PHaSHS  are  given  in  RACIANS 

AVBI JsXAVBI J 
Pla3. 14159? 65 35898 
TUP  I *2 . *P I 
XPI«PI 

1F(ABSF(PHI I J-AVBI J)-PI )1 0,1 0.9 

9  IF (PHI TJ*AV8IJ)1#1»2 

1  I F ( PH  1 1 J)3.3.4 

3  AVBI  J  =  AVHI..-TUPI 
GO  TO  2 

4  AVBI JsAVRI J+TUPI 

2  IF(ABSF(PHI I J)*ABSF(AV8lw)-XPI )5»5»8 

8  XP I  «XP  I +TUP I 

GO  TO  ? 

5  TAVBI-eABSF<AVBIJ)*XPI-PI 
IF(PHIIJ)6*6»7 

6  TaVBIvS(-TaVRIJ) 

GO  TO  7 

10  T  A VB I „ s A VB  t  J 

7  RFTURN 
ENn 
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s  execute 

s  Input  source  cards 

S  OUTPUT  SUBROUTINE  TAPE 

*  SENSE  SWITCH0N.32 

S  fortran 

h  Name  prtpht; 

H  EQUlP=rARDRE.PRINTE»CARDPU) 

SUbROLTINF  PRTPHI (alpha. THETA, DL. PHAS21.PHAS13. PH AS32i GAMMA) 

. . 'His  SUBROUTINE  FINOS  THE  PHASE  DIFFERENCES  INDUCED  IN  THE  I NTERF fcROMETER 

C*«**#ARRAY  FOR  a  GIVEN  D/L  AND  CIR  OF  ARRIVAL.  THE  INPUT  ARE  ALPHA  AND  THETA, 
C*««*«In  RAC  I ANS--THE  SPECIFIED  COA,  DL,  THE  ARRAY  BASEL  I NE/WAVELENGTh,  aNO 
C*«###GaMMA,  THE  ARRAY  ANGLE  IN  RADIANS.  THE  OUTPUT  PHASES  ARE  PHAS21, 
C*«#*#PhaS13,  ANn  PHAS32 . 

TUPl=6. 2831853072 
T PI  STHcTiiP1#PL*SIN(THETA) 

PHAS2leTI)l.BTH*C0S(  ALPHA) 

PHAS13=-T0t  STH*COS( ALPHA-GAMMA) 

PHAS3?*Tni  CTH#( COS ( ALPHA-GAMMA ) -COS (ALPHA  )  ) 

RETURN 

End 
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s  input  source  cards 

S  OUTPUT  SUBROUTINE  TAPE 

5  SENSE  Sk I T CHON, 32 

S  FORTRAN 

h  Name  range; 

H  fcOUlP=CARnPE, PRINTS, CARDPU} 

H  SInGLEaLLI 

SURROITINE  RANGE ( AZ, ANG.PHIMX.PHIMN) 

c**#** 

C«»#*#THIS  SUBROUTINE  FINDS  M I N  AND  MAX  VALUES  OF  FXaCOSC (AZ-ANG)*6RR)  ► OR  ERR 
C*##**BETWEFN  ♦  OR  -  10  DEGREES.  IT  IS  USED  IN  CONJUNCTION  WITH  THE  MOD  IF  I  PD 
C#«***VERSICN  uF  THE  PROGRAM  AMBPLT .  AS  A  MEANS  OF  OBTAINING  A  MORE  STRINGENT 
C.***.AmrIGLTTY  REJECTION  CRITERION  ON  THE  BASIS  OF  APPROX  AZIMUTH  INFORMATION. 
C«*#**Ph IMX  and  PHIMN  DENOTE  THE  DESIRED  MAX  AND  MIN  PHASE  VALUES  RESPCT I VELY 

DEG*ieo./3. 1415926535 

dif«az-ang 

tpdl=i. 

C**#*#KEEP  A2-ANO  in  RANGE  OF  0-TUP I  BY  ADDING  TUPI  IF  NOT  ALREADY  IN  RANGP 
I F (DIF >1,2.2 

1  D I  F*D  I F  *36(1 . 

2  CONTINUE 

IF(DIF. 10 . >10,10.20 

10  PH  I  MXsTP'lL 

PH  I MN  =  0 . 

GO  TO  170 

?0  IF(DIF-80. >30.30.40 

30  Ph?MX=TPJL*COS((DIF-10. ) /Of G ) 

ph  i  mn=  n , 

Go  TO  170 

40  I  F  C  D I F-inp .  150,50,60 

50  PHIMXsIPuI *COS( (DIF-10 . )/0EG> 

PHIMNsTPDL«CCS< (DIF+10. )/DFG) 

GO  TO  170 

60  1  F ( DI F-170 .  5  70.70,80 

70  PHIMX=n. 

PHTMN  =  TP!1|  *cns  C  <  D  I F  ♦lO  .  I/DEG) 

GO  TO  1 70 

00  IF(DIF-190. >90.90,100 

90  PH  !MX  =  n . 

PHIMN=.TPDi 
GO  TO  170 

100  lF(DIF-260.  )U0. 110.120 

110  PHIMX=n. 

PH  I  MN  =  TPI!|  *CCS(  (DIF-10.)/ Of  G) 

GO  TO  170 

120  IF (DIF-280.  )130»130»140 

130  PHlMXrTPul *CCS( (DIF *io . ) / DEG ) 

PHlMN  =  TPIit  *COS(  (DIF-10.  )/DEG) 

GO  TO  l 7C 

140  IF (DIF-350.  )150*150»160 
150  PHIMX=TPHL*COS< (DIF *10. )/DFG> 

PHIMNrp. 

GO  TO  170 
160  PHIMX=TP0L 

PHIMN=0 , 

c«#«**allow  slight  margin  in  ppimx  and  phimn  i.i  degree)  to  account  for  roundoff 
170  Ph  f  MX^PH I MV*  ,  l 

PHJMN=PHIMK-.l 

return 

fcND 


o  in  ot  ro  m-  oooooo 
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S  INPUT  SOURCE  CARDS 

S  OUTPUT  SUBROUTINE  TAPE 

S  SENSE  SWITCH0N.32 

S  FORTRAN 

k  name  reduce? 

H  E0UIP=CARDRE/PRINTE,CARDPUJ 

SURROLTINF  reduceiavbi J) 

**««« 

n*»##THIS  SUBROUTINE  REDUCES  AVEIJ  S  by  MULTIPLES  OF  2  PI  UNTIL  BETWEEN  -  PI 
•  ««*«AND  *  PI.  THE  VALUE  OF  AVBU  IS  PUT  WITHIN  A  BRANCH  CUT  OF  -PI  TO  *  PI 
*«*#»AFTER  THIS  SUBROUTINE  IS  CALLED 
*«###ALl  PHASES  MUST  BE  IN  RADIANS. 


Pl=3.14l59?6535898 
TUPI*2.#P1 
NsAVBI J/TUPI 
AVBI J=AVBI J-N»TUPt 
IF (AVPIJ-PI >2*2*1 
AVBI  JsaVBI.)-TUPI 
GO  TO  6 
I F ( AVE  T  J  >4 . 4*  3 
GO  TO  6 

IF(PI**VHI j)5,5.6 
AVBIJ=AVHI  i+TUPI 
RETURN 
end 


FOOTNOTES 


W.  Little,  "Polar  Plot  Routines  for  a  CALCOMP  Plotter," 

Unpublished  Memorandum,  Radiolocation  Research  Laboratory, 
University  of  Illinois,  1972. 

E.  K.  Walton,  from  a  private  communication  at  this  laboratory. 

These  data  were  recorded  on  this  laboratory's  paper  tape  number 
151. 

J.  Driscoll,  from  a  private  communication  at  this  laboratory. 
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